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ABSTRACT 
Iron Bioavailability of Meat:Bread Mixtures 
and Meat Loaves Fed to Anemic and Healthy Rats 
by 
Abdullah M. Thannoun, Doctor of Philosophy 
Utah State University, 1987 
Major Professor: Dr. Arthur W. Mahoney 
Department: Nutrition and Food Sciences 
i x 
To study the effect of meat (beef) on dietary iron 
bioavailability from enriched white bread (EWB) or whole wheat bread 
(WWB), diets were prepared in which the ratios of beef iron to bread 
iron were 100:0, 75:25, 50:50, 25:75 or 0:100. Hemoglobin 
regeneration efficiency (HRE), apparent iron absorption, and dry 
matter absorption were determined using weanling anemic and healthy 
male rats. 
Meat iron was more available than EWB or WWB. Fortification 
iron in EWB was less available than the iron naturally present in 
WWB. At the iron dose given, HRE was similar for both anemic and 
healthy rats. Although healthy rats absorbed less dietary iron than 
the anemic ones, bread types did not affect percent iron absorbed. 
Iron status did not affect dry matter absorption from meat, bread or 
meat:bread mixtures. Meat did not enhance iron bioavailability from 
EWB or WWB diets. 
To study the iron bioavailability of meat loaf prepared from 
meat and whole wheat flour (WWF) or whole wheat bread (WWB), diets 
X 
were formulated with 30 ppm iron as cooked meat, WWF, WWB, meat loaf 
with 67% of the iron from meat and 33% from flour (or bread), or 
meat loaf with 33% of the iron as meat and 67% from flour (or 
bread). HRE, apparent iron absorption, dry matter absorption, total 
body iron gain (iron retention), iron59 retention and absorption and 
heme iron absorption were determined using anemic and healthy male 
rats. 
HRE•s for healthy rats were similar for both meat:flour or 
meat:bread loaves. Anemic rats absorbed more iron than healthy 
rats. Baking increased slightly the percent iron absorbed by anemic 
rats. Iron status did not affect dry matter absorption from t he 
diets. The total iron bioavailability of the whole wheat flour or 
bread diets was not enhanced by dietary meat. 
Anemic rats retained and absorbed more iron59 than healthy rats 
and this difference increased with the ratio of iron from flour or 
bread in the meat loaves. The absorption of iron 59 (nonheme iron) 
was influenced by source of iron in the diet (meat, flour, bread or 
FeS04) and also nutritional status (anemic or healthy rats). 
Healthy rats had almost one-half the specific activity in their 
bodies and hemoglobin iron as the anemic ones had. Baking the flour 
into bread did not affect the specific activity of liver, body or 
hemoglobin iron. It was concluded that meat did not enhance nonheme 
iron absorption in this study. 
Heme iron absorption, determined by indirect means, was about 




Iron is the most abundant of the trace elements in the body, 
primarily being utilized in the formation of hemoglobin, and its 
metabolism typifies that of most of the other trace elements 
(Lindeman, 1982; Reinhold, 1975). It is present in all cells of the 
body and occurs in several enzymes responsible for electron 
transport (cytochromes), for the activation of oxygen (oxidases and 
oxygenases) and for the transport of oxygen (hemoglobin, myoglobin) 
(Hallberg, 1984). 
Iron deficiency is a common nutritional problem and causes 
ANEMIA in many countries (Committee on Medical and Biologic Effects 
of Environmental Pollutants, 1979). Anemia, a decreased hemoglobin 
concentration below the physiologic norm of the individual (Finch 
and Cook, 1972), is common in developing countries as well as in 
affluent societies. It is most common in children and pregnant 
women. In adult men, nutritional iron deficiency is rare, and 
bleeding is the more common cause of the deficiency (Beutler, 1980). 
However, Sjolin (1981) reported that in developing countries such as 
Ethiopia, the incidence of iron deficiency anemia among adolescents 
is often extremelY high compared with that in the industrialized 
part of the world like Norway and Sweden. Also, it is moderately 
high in the United States, particularly among blacks and poor. 
Insufficient iron intake, low intestinal iron absorption and 
increased iron losses combine to increase the prevalence of iron 
deficiency anemia (Clydesdale and Wiemer, 1985). Iron absorption in 
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the intestinal tract is also reduced in vegetarian diets which are 
often consumed in developing countries. It is particularly severe 
in countries when cereal or grain provide the bulk of the diet. 
Further, Hallberg (1984) reviewed that in such countries, the 
bioavailability of iron from the diet is often very low, due mainly 
to a low content of factors facilitating nonheme iron absorption 
(meat, fish, poultry and ascorbic acid) in these kinds of diets. 
Dietary iron comes from foods of animal and plant origin, 
fortification iron and to some extent contamination iron. 
Throughout the world, plant sources, especially cereal play the most 
important role in human diet. They are the largest single source of 
calories, vitamins, minerals especially iron and some protein at 
relative low cost supplying over 50% of human energy intake (Bogert 
et al . , 1973; Elwood et al., 1968) . Wheat makes up the bulk of the 
human foods in many countries supplying 20 to 80% of the world's 
calorie and protein intake (Barrett and Ranum, 1985). Wheat is also 
a good source of minerals and the iron content of wheat has been 
reported to range from 20 to 100 ppm (Barrett and Ranum, 1985; 
Czerniejewski et al., 1964). However, the iron content of wheat is 
reduced by milling and extraction of the flours. Therefore, white 
flour is usually supplemented or fortif i ed with iron if there is a 
fortification program. Wheat is usually ground and milled into a 
flour and made into bread and other products. Bread which is 
usually leavened by yeast, has been for centuries literally "The 
staff of life" of the most of the world (Bogert et al., 1973). 
3 
Iron bioavailability from wheat or bread has been studied by 
many investigators (Callender and Warner, 1968; Elwood et al ., 1968, 
1970; Hussain et al., 1965; Kuhn et al., 1968; Layrisse et al., 
1969; Mameesh et al., 1970; Widdowson and McCance, 1942) in the 
human and (Miller, 1976a, 1976b; Ranhotra et al., 1971, 1979, 1981; 
Vellar et al., 1968) in rats. The bioavailability of wheat iron is 
generally low (Elwood et al ., 1970) and is less available than other 
sources (Hussain et al., 1965; Layrisse et al ., 1969; Mameesh et 
al., 1970). On the other hand, certain foods (meat) or compounds 
(ascorbic acid) have been found to enhance the bioavailability of 
dietary nonheme iron. Flesh derived from animals such as beef, 
fish, liver or chicken, not only are good sources of highly 
avai lable heme iron, but also enhance the bioavailability of dietary 
nonheme iron like bread iron. 
These considerations made the mood to study the effect of meat 
(beef) on the utilization of bread iron by rats using hemoglobin 
regeneration efficiency, iron balance, total iron retention and Fe 59 
absorption and retention. 
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OBJECTIVES 
l. To determine hemoglobin regeneration efficiency (HRE) iron 
absorption and dry matter absorption of anemic and healthy rats 
fed diets containing iron as mixtures of meat (beef) with 
enriched white bread (EWB) or whole wheat bread (WWB). 
2. To determine HRE, iron absorption and total body iron gain of 
anemic and healthy rats fed diets made from meat loaf. This 
experiment was to evaluate the influence of baking on the iron 
bioavailability of meat loaf. 
3 T d 0 h 0 59 t to ( h 0 ) d h 0 . o eterm1ne t e 1ron re en 1on non erne 1ron an erne 1ron 
from meat loaf fed to anemic and healthy rats. 
4. To compare iron bioavailability values obtained by HRE, iron 
absorption (iron balance), total iron retention and extrinsic 
labelling with iron 59 
GENERAL LITERATURE REVIEW 
The Mechanism of Iron 
Absorption and its Regulation: 
There is a general agreement that absorption of iron is 
determined by many factors which influence its digestibility and 
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solubility throughout the gastrointestinal tract. Iron absorption 
can occur almost at any segment of the GI tract (Brown, 1963). 
However, most iron is absorbed in the upper parts of the small 
intestine, mainly in the duodenum and upper jejunum (Brown, 1963; 
Brown and Justus, 1958; Guyton, 1981), and it progressively 
decreases toward the distal segments (Brown, 1963). Under normal 
conditions very little dietary iron is absorbed and the amounts 
excreted in the urine are limited (Harper, 1971; Pike and Brown, 
1975). Although the mechanism of the iron absorption is not 
certain, the so-ca 11 ed "Mucosa 1 Block" theory, the 
apoferritin-ferritin dependent theory is considered to account for 
t he intestinal control of iron absorption. It was suggested that 
accumulation of excess iron in the mucosal epithelial cells blocked 
the active process for iron absorption thereby regulating iron 
absorption (Guyton, 1981). This theory appeared to have little 
factual support, but it has provided a base from which to operate 
further in this subject and no alternative hypothesis was available 
for a long time (Bannerman et al., 1962; Pike and Brown, 1975). 
With the advent of more recent methods, many studies have been 
done on intestinal absorption of iron. Some of these have shown 
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that the cells of the intestinal mucosa are responsible for 
controlling the absorption of iron. Dowdle et al. (1960) suggested 
that iron in the intestinal lumen is transported through the brush 
border into the mucosal cell by an active transport mechanism which 
is dependent upon oxidative metabolism and the generation of 
phosphate-bond energy. This active transport involves two steps, 
rapid mucosal uptake followed by a slower transfer out of the 
mucosal cell to the serosal surface into the blood stream (Manis and 
Schachter, l962a). The two-step absorptive mechanism appears to be 
one of the cellular processes which regulates iron absorption and 
also can vary adaptively to regulate iron absorption in the living 
animal (Manis and Schachter, l962b). Wheby and Crosby (1963) found 
that, depending on the relationship between body iron stores and 
dose of administered i~on, the intestine may take up more iron than 
was ultimately transferred to plasma. A variable amount of this 
i ron is lost when the epithelial cell is sloughed into the 
gastrointestinal lumen. 
Gitlin and Cruchaud (1962) analyzed the relationship between 
the size of the dose of iron and the amount of iron absorbed to 
determine the influence of the state of the body stores of iron upon 
this relationship. They concluded that iron absorption appears to 
be mediated by at least two different mechanisms which operate 
simultaneously: 1) a process with kinetics that suggests an 
enzymatic or carrier reaction in which the amount of enzyme or 
carrier present is the limiting factor for the maximum amount of 
iron absorbed by the mechanism and 2) a process with first-order 
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kinetics in which the concentration of absorbable iron in the 
gastrointestinal lumen is the limiting factor in determining amount 
of iron that is absorbed. Each of these processes is influenced to 
a different degree by the state of the body iron stores, absorption 
being inhibited by an increase or enhanced by a decrease in body 
iron. Walters et al. (1973) studied the relationship between iron 
absorption and iron stores. They found that absorption in normal 
subjects may be affected by the amount of storage iron in the 
absence of other erythropoietic influences. The possibility must be 
considered that circulating ferritin itself, the concentration of 
which is closely related to body iron stores, may have a peripheral 
effect on the intestinal epithelium. Using dogs, Christopherson and 
Balcerzak (1976) found that mucosal uptake of iron from lumen and 
mucosal transfer of iron from plasma vary inversely with body iron 
stores, but compared to mucosal uptake, mucosal transfer is more 
restricted to the duodenum, more affected by body iron stores, more 
limited and more crucial to regulation of iron absorption. 
The intestinal brush borders and their component microvilli are 
important in the digestion and absorption of iron. Greenberger et 
al. (1969) reported that more Fe59 , as ferrous iron, was absorbed by 
brush borders from proximal small bowel than from distal regions; 
and the preferential uptake of iron by duodenal microvilli can be 
modified by altering the iron stores of the animal. Although these 
observations suggest that brush border mechanisms are involved in 
the regulation of iron absorption, the relation between iron binding 
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by isolated microvilli and iron transport across the brush border 
was unclear (Acheson and Schultz, 1972). 
Iron transport across the intestinal mucosal begins with 
binding of ionic iron in the lumen of the small intestine to 
receptors in the brush border of the mucosal cells (Linder and 
Munro, 1977). The passage of the iron into the cell is an 
energy-dependent-process. Within the mucosal cytosol, the iron is 
probably transported to the serosal surface as a small molecular 
weight compound in equilibrium with iron-poor ferritin, although 
protein carriers have also been claimed . Part of the iron in the 
mucosal cell is transferred across the serosal cell membra ne by a 
process that probably does not require energy and involves 
attachment to transferrin for transport in the plasma. The 
remaining iron is returned to the gut when the mucosal cells are 
shed from the villus tip. A few years later, Narasinga Rao (1981) 
classified the iron absorption mechanism into three phases: l) the 
intraluminal phase, in which food is digested by the gastric and 
pa ncreatic enzymes and iron is released in a soluble form, 2) the 
mucosal phase, in which iron is taken up by the mucosal cell and 
transported to the serosal side or retained as ferritin, and finally 
3) the corporeal phase, in which iron is taken up by transferrin in 
plasma on the serosal side of the mucosal cell and carried to liver 
and hemopoietic tissues. 
Recently, Huebers et al. (1983) proposed another mechanism 
considering apotransferrin as the mediator to transport the iron 
across the intestinal lumen. Apotransferrin is secreted from 
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mucosal cells into the lumen, loaded with iron in the intestinal 
lumen, and then the intact complex is taken into the cell. Within 
the cell, iron is released and transferred to the blood stream; then 
the iron-free transferrin returns to the brush border to be 
recycled. However, Morgan (1980) suggested that the passage of 
plasma transferrin into intestinal fluid of the intestinal mucosa 
and binding to mucosal cells probably functions primarily to supply 
iron to the cells and not to act as a carrier of iron from the 
cells. 
Iron binding mucosal proteins have been intensively studied by 
many investigators (El-Shobaki and Rummel, 1978; Huebers et al., 
1971; Pollack and Lasky, 1975; Yoshino and Hiramatsu, 1974) 
including identification, purification, isolation and 
characterization. This information has contributed to the 
understanding of the mechanism of iron absorption. 
Dietar* Iron and the Factors 
Whichffect its Bioavailability: 
It is well known that there are two kinds of iron in the diet 
with respect to mechanism of absorption: heme iron (hemoglobin and 
myoglobin) and nonheme iron (other sources). 
Heme Iron: Heme, containing iron in a porphyrin ring structure, is 
found in hemoglobin and myoglobin and this accounts for nearly 40% 
of the iron in the animal tissues (Morek and Cook, 1981) although 
others have found up to 80% of the iron in meat is in the heme form 
(Field et al., 1980). Hazell (1982) found that the level of heme 
iron in meat varies widely between 25% of the total iron in white 
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meat to 60% of the total iron in red meat (beef). This 
approximation was derived frbm the difference between measurements 
of total and nonheme iron (Morris, 1983). 
Turnbull et al. (1962) suggested that man absorbed heme iron as 
a porphyrin complex without conversion to the free ionized form. A 
few years later, Conrad et al. (1966b) found that hemoglobin is 
split by duodenum proteolytic enzymes of guinea pig into absorbable 
heme and small quantities of iron. This heme entered the intestinal 
mucosal cells and subsequently was found in the plasma. Liberated 
iron was concentrated in the mucosa cell which regulates the 
absorption of only nonheme iron. Conrad et al. (l966a) reported 
that hemoglobin is split by doudenal enzymes into heme and globin 
degradation products; the reaction is heat labile, active over a 
wide range of pH, and decreased by inhibitors of tryptic activity. 
They added that in alkaline solutions heme forms polymers of a large 
molecular size which are poorly absorbed. Globin degradation 
products and other substances that bind heme to form monomeric 
hemochromes increase iron absorption. In contrast, bicarbonate 
solutions decrease the absorption of heme iron by causing polymer 
formation. Substances which decrease the polymerization of heme 
increase the absorption of heme iron (Conrad et al., 1967). Conrad 
et al. (1966a) reported also that polymerization plays a role in the 
absorption of heme indicating that it is a factor in the absorption 
of other substances from the gut. Heme iron is taken up into the 
mucosal cell as the metalloprotein, which is split in the cell into 
bilirubin, C02 and inorganic iron by heme oxygenase (Raffin et al., 
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1974) and then enters the same storage or transit pathways out of 
the mucosal cells into plasma as dietary nonheme iron (Cook, 1983; 
Hallberg, 1981; Morek and Cook, 1981). The rate at which the 
heme-splitting substance works in vivo appears to be increased by 
the removal of the nonheme iron end product from the epithelial cell 
to the plasma (Weintraub et al., 1968). 
The mucosal mechanism for absorption of hemoglobin iron as well 
as ionic iron split from the hemoglobin is enhanced in iron 
deficient rats (Wheby et al., 1970). Raffin et al. (i974) reported 
that when rats were made iron deficient, duodenal heme oxygenase 
activity and hemoglobin iron absorption rose to a comparable extent. 
Fortunately, the bioavailability of the iron from the heme iron 
fraction is predictably high (Lee and Clydesdale, 1979) and 
unaffected by dietary components that either enhance or inhibit the 
availability of the nonheme iron in the rest of the diet, and its 
absorption is also independent of the absorption of nonheme iron 
(Hallberg, 1981; Morek and Cook, 1981). The only bioavailability 
factor that may influence absorption of heme iron may be the amount 
of meat in the meal (Morris, 1983). Meat enhances the absorption of 
heme iron in man in which meat stimulates the digestion of food, so 
that iron in either form is more efficiently released and made 
available for absorption (Hallberg et al., 1979). However, Cook 
(1983) reviewed that the type of meal has little influence on heme 
iron absorption because the iron remains within the porphyrin 
complex until absorbed by the mucosal cell. 
Nonheme Iron: Nonheme iron is the largest dietary iron compartment, 
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derived mostly from plant origin, iron salts in addition to the 
nonheme fraction of animal tissues. This fraction accounts for 
about 60% of the total iron in animal tissues (Morek and Cook, 
1981 ). Nonheme iron presumably enters the intestinal epithelial 
cell in the reduced (ferrous) state (Cook, 1983). 
For both man and animals, the rate of iron absorption is 
normally rather low (Forth and Rummel, 1973; Guyton, 1981) and only 
a limited portion of iron in our diet is assimilated by the 
gastrointestinal mucosa cell (Cook, 1983). Unexceptionally, many 
factors are known to affect the bioavailability and absorption of 
iron from the diet. Such factors are a form of iron in food, 
composition of food, state of health; conditions within the 
gastrointestinal tract; amount and chemical form of the iron 
ingested, and iron requirement of the body (as in growing subjects 
and pregnancy) which are affected by age, sex, hormonal factors, 
presence of infections, and increased losses of iron from 
infestation with blood-sucking parasites (hookworm infection, for 
example, is known to increase iron requirements) (Bogert et al., 
1973; Clydesdale, 1983; Hallberg, 1981; Jacobs and Worwood, 1981; 
Morris, 1983; Prasad, 1978). Additional facts on this subject have 
been reviewed by several authors (Clydesdale, 1983; Cook, 1983; Lee 
and Greger, 1983; Morek and Cook, 1981 ; Turnbull , 1974). Among the 
most important of the factors are sources of iron and dietary iron 
form which markedly affect its availability for absorption (Morek 
and Cook, 1981). 
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Most of the iron in food occurs in the ferric (Fe+++) state or 
oxidized form either as ferric hydroxide or as ferric organic 
compounds. In the acid medium of the gastric juice these compounds 
are broken down into free ferric ions or loosely bound organic iron. 
++ 
The ferric ions are reduced to the ferrous (Fe ) state by means of 
any reducing agent in the gut to be more absorbable (Harper, 1971). 
Iron is absorbed mainly in the ferrous form, for, in general, 
the greater the degree of positive charge of any ion the more 
difficult it is to be absorbed from the intestinal tract (Brown, 
1963; Guyton, 1981 ). This is partially owing to the greater 
solubility of ferrous complexes with a variety of inorganic and 
organic anions and of ferrous hydroxide as compared with the 
corresponding ferric compound (Gubler, 1956). However, 
Venkatachalam et al. (1956) found in rats that absorption of both 
ferrous and ferric iron was approximately equal and only about 
one-fifth the absorption took place when ferric iron was 
administered alone. Since ferric iron does not combine with 
dipyridyl to an appreciable extent, the results indicated that 
ferric iron is reduced to the ferrous state in the rat's stomach 
before absorption. It was suggested that the rat absorbs as much 
iron fed in the ferric as in the ferrous form because of the 
presence of reducing substances in the hemogeneous laboratory diet. 
Generally, a certain availability of an iron salt may occur 
when fed alone. However, adding it to a diet containing whole wheat 
flour, maize, soy bean etc. reduces its availability to some extent. 
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While addition of animal tissue, orange juice or any organic acids 
to certain diet, conversely, increases iron absorption. 
Ascorbic acid is well known as an enhancer of iron absorption. 
Many investigators demonstrated improved iron absorption by adding 
ascorbic acid (Callender and Warner, 1968; Callender and Warner, 
1970; Hallberg et al., 1986; Hussain et al., 1965; Layrisse et al., 
1974; Kojima et al., 1981; Kuhn et al., 1968). Iron absorption from 
a breakfast meal can be increased 3 times with addition of orange 
juice containing 40-45 mg ascorbic acid (Callender and Warner, 1970) 
and more than 6 times with the addition of papaya fruit to maize 
(Layrisse et al., 1974). These observations were confirmed by 
Rossander et al. (1979). Foods such as orange juice, which contain 
both ascorbic acid and citric acid and also an unidentified factor 
in meat, if these diets contain them, are the only known dietary 
factors which consistently improve iron bioavailability (Kojima et 
al., 1981; Lee and Greger, 1983). 
The effect of ascorbic acid on food iron absorption may be 
related both to its reducing effect, preventing the formation of 
insoluble ferric hydroxide and to its effect, in which under acidic 
conditions, ascorbic acid forms a complex with iron in the stomach 
that remains soluble as the pH increases in the upper small 
intestine (Hallberg, 1981; Morek and Cook, 1981). Recently, 
Hallberg et al. (1986) suggested that ascorbic acid promotes dietary 
nonheme iron absorption from the diet by reducing the negative 
effect on iron absorption of certain ligands such as phytates and 
tannins present in the diets. Ascorbic acid as an enhancer of iron 
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absorption has been reviewed by many investigators (Cook, 1983; 
Hallberg, 1981; Lee and Clydesdale, 1979; Morek and Cook, 1981). 
Amine and Hegsted (1971) reported that large doses of calcium 
carbonate and of inorganic iron decrease the percentage of iron 
retained from labeled hemoglobin, and inorganic iron retention was 
influenced by the amount of calcium or phosphate in the diet. In 
growing rats, addition of phosphate (sodium pyro-, tripoly-, or 
dibasic phosphate) to diets caused decreased iron absorption, 
decreased hemoglobin concentrations and depressed liver iron values 
in both control and achlorhydric animals (Mahoney and Hendricks, 
1978). Similar observations were found in vitro by Zemel (1984) in 
which orthophosphate, tripolyphosphate and hexametaphosphate 
depressed ionized, but not soluble iron. However, inorganic 
polyphosphate when added to wheat flour increased iron absorption 
significantly from wheat based diet in humans (Subba Rao and 
Narasinga Rao, 1984). 
Calcium carbonate and aluminum hydroxide reduce iron retention 
by the anemic rat ingesting 0.25 mgm of iron daily, however, 
aluminum phosphate did not reduce iron retention (Freeman and Ivy, 
1942). More recently, Chapman and Campbell (1957) found that 
calcium carbonate, calcium lactate and calcium chloride salts 
interfered with the utilizat.ion of iron as reflected by liver iron 
stores, hemoglobin regeneration and increased heart weight of rats. 
However, disodium phosphate or commercial sodium hexametaphosphate 
had no significant effect on either the iron content of the liver or 
on the rate at which hemoglobin was regenerated. Two experiments 
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were conducted to study the effect of dietary calcium and phosphorus 
levels on iron metabolism by chicks using Fe 59 isotope (Sell, 1965). 
In experiment 1 he showed that increasing ration calcium from 0.67 
to 2% and phosphorus from 0.4 to 1.2% significantly decreased 
absorption of Fe 59 by chicks fed rations containing the radioisotope 
for 96 hours. Simultaneously, increasing ration phosphorus 
decreased the radioactivity of whole blood, heart and spleen. 
Increasing ratio calcium had little effect on the radioactivity of 
h b . I . 2 F 59 . . d t e a ove t1ssues. n exper1ment , e was lnJecte 
intramuscularly. During the 288 hours following injection of the 
radioisotope, increasing ration calcium from 0.67 to 2% generally 
decreased radioactivity of the whole blood and liver. He suggested 
that calcium and phosphorus exert independent effects on iron 
metabolism by the chicks and that these effects cannot be entirely 
explained by the effect of calcium and phosphorus on iron 
absorption. High calcium intake has been identified as a cause of 
reduced iron absorption with resultant iron deficiency anemia 
(Davis, 1959). 
Recently, Barton et al. (1983) suggested that individuals 
consuming a high-calcium diet containing a marginal amount of iron 
could develop deficiency anemia and may explain why infants who are 
fed cow's milk have a greater incidence of iron deficiency anemia 
than those fed human milk. Mahoney et al. (1985) found with healthy 
rats that meat iron absorption and liver iron concentration are 
decreased as dietary calcium is increased, however, hemoglobin 
concentration was unaffected by dietary calcium. 
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The effect of proteins on iron absorption is described as 
either positive or negative (Forth and Rummel, 1973). Klavins et 
al. (1962) suggested that dietary protein exerts a definite 
quantitative effect on iron absorption. The differential effect of 
protein on the absorption of iron probably can be attributed to the 
degree of proteolysis in different conditions. Recently, Berner and 
Miller (1985) reported that protein enhances iron bioavailability by 
releasing peptides during digestion which form soluble low molecular 
weight complexes with iron. These complexes readily release iron to 
mucosal receptors. On the other hand, protein may depress iron 
bioavailability by releasing peptides which form insoluble complexes 
with iron or which form soluble complexes that do not release iron 
to mucosal receptors. 
It is well known that protein (as animal tissues including 
meat, fish, poultry, etc.) facilitates the absorption of dietary 
nonheme iron from foods (Bjorn-Rasmussen and Hallberg, 1979; Cook et 
al., 1981). Klavins et al. (1962) found that approximately 15-18% 
protein was necessary to meet the normal needs of rats as far as 
iron absorption was concerned. When smaller amounts of protein were 
fed, iron absorption was impaired. In growing chicks, feeding diets 
low in protein (5.4, 8.5 or 10.8%) or tryptophan and glycine (0 . 12 
and 0.33, respectively) but adequate in iron, caused a marked 
reduction in growth, rate of erythropoeisis, and percent iron 
absorption (Miski and Kratzer, 1977). However, Amine and Hegsted 
(1971) reported that the level of dietary protein had no effect on 
iron retention in rats fed diets containing 5, 20 and 40 percent 
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casein. A substantial inhibition of iron absorption has been 
associated with soy products (Morek and Cook, 1981). With 3:1 and 
2:1 ratios of meat to unhydrated textured soy flour, absorption 
decreased by 61 and 53%, respectively (Cook et al., 1981). Egg was 
found to decrease the percentage absorption of nonheme iron from a 
breakfast meal (Callender and Warner, 1970; Rossander et al., 1979). 
Carbohydrate composition should be considered in decisions to 
fortify various foods with iron (Miller and Landes, 1976). Amine 
and Hegsted (1971) found that iron retention was greatest when 
lactose was the primary source of carbohydrates. The least 
retention of iron was noted when the diet contained only starch. 
Sixty percent glucose and 60 percent sucrose increased iron 
retention similarly but lactose had the greatest effect. Later, 
Amine and Hegsted (1975) reported that iron utilization by rats was 
greatest with diet containing lactose, less in diet containing 
sucrose and least with starch. Recently, bioavailability was found 
to be highest from diets containing starch and lactose, followed by 
diet containing sucrose, fructose and glucose (Reddy and Reddy, 
1985). However, Miller and Landes (1976) showed that more 
hemoglobin was regenerated in anemic rats per milligram of iron 
consumed when starch served as the source of dietary carbohydrate 
than when either sucrose or glucose was used. They suggested that 
carbohydrate composition should be considered in decisions to 
fortify various foods with iron. 
Absorption of iron is also influenced by the type and amount of 
dietary fat. Amine and Hegsted (1975) reported that a diet high in 
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fat favored iron utilization and iron absorption was greater in 
diets in which the fat was supplied as coconut oil than in those in 
which the fat was supplied as corn oil. However, Bowering et al. 
(1977) found that both increasing the fat level and change to a more 
saturated fat source were associated with small but significant 
increases in iron absorption when compared with control diet 
containing 5% corn oil. Mahoney et al. (1979) found that rats fed 
beef fat were most efficient at incorporating iron from turkey meat 
into hemoglobin followed by those fed turkey fat, corn oil and pork 
fat in descending order, however, fat level did not affect 
hemoglobin regeneration eff i ciency. In human subjects, Monson and 
Cook (1979) found that carbohydrate and fat had little influence on 
i ron utilization. 
Recently, tea and coffee have been found to reduce absorption 
of no nheme iron (Hallberg, 1981). Tea is considered the most potent 
inhibitor of nonheme iron absorption, due to formation of highly 
insoluble iron tannates (Cook, 1983; Morek and Cook, 1981 ). Disler 
et al. (1975) found that a cup of tea decreased iron absorption of 
ferric chloride and nonheme iron in meals from 22 to 6% and 11 to 
2.5%, respectively. Derman et al. (1977) reported that the mean 
absorption of iron from maize-meal porridge was very low (3.8%), 
which was reduced to (2.1 %) when tea was drunk with the meal. 
Rossander et al. (1979) found that nonheme iron absorption of 
breakfast meals was reduced to less than half by adding tea. Coffee 
also has an inhibitory effect on iron absorption, but its effect is 
less potent than tea (Morek et al., 1983). Recently, Zhang, 
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Hendricks, and Mahoney (unpublished data) found with rats given tea 
as their source of water that Fe 59 retention was reduced when all of 
the dietary iron was nonheme iron but not when meat was present in 
the diet. Coffee had no effect on the Fe 59 retention by these rats. 
The factor in coffee that inhibits nonheme iron absorption in man 
has not been identified but is presumed to be a polyphenolic 
compound (Cook, 1983). Tannates are also present in coffee 
(Hallberg, 1981). 
Iron Absorption From Flour and Bread: 
For most of the world's population, animal derived foods are 
not available especially for low income families. Food is generally 
not fortified with iron among most of the developing societies 
(Morek and Cook, 1981). The diets of these populations are 
predominantly plant based with cereal or grains especially wheat, 
rice, maize and legumes forming the major staples (Elwood et al., 
1968; Gillooly et al., 1983, 1984). It is obvious, that iron 
deficiency anemia is more common in populations which subsist solely 
and primarily on these kinds of foods (Clydesdale, 1983; Morek and 
Cook, 1981). 
Although iron intakes provided by such diets may be high, iron 
bioavailability is moderately low or poor (Layrisse et al., 1969; 
Ranhotra et al., 1981; Venkatachalam, 1968) and may fail to satisfy 
the human requirements in comparison with diets containing iron of 
animal origin (Layrisse et al., 1969). In developing countries, the 
main source of iron is the staple foodstuff which may be legumes, 
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millet, rice, wheat, sorghum, maize or tapioca. The iron content of 
these foodstuffs is also low and may fail to satisfy human needs if 
they are eaten in small quantities (Venkatachalam, 1968). 
Furthermore, the availability of iron in these kinds of foods also 
differs depending on the presence or absence of certain dietary or 
nondietary factors that either promote inhibition or enhancement of 
iron absorption. Among the several factors (some mentioned above) 
that interfere with digestion and absorption of iron of these diets 
are phytate (Gillooly et al., 1983; McCance et al . , 1943; Sharpe et 
al., 1949), fiber (Garcia-Lopez and Jane-Wyatt, 1982; Olszon et al., 
1978); cellulose, hemicellulose and lignin (Camire and Clydesdale, 
1981; Gillooly et al., 1983). 
Wheat is eaten as white and whole wheat bread or other products 
of wheat flour that have been extracted to some extent. In the 
process of making white flour from wheat, most of the minerals are 
lost in the bran (Bjorn-Rasmussen, 1974). Therefore, the iron 
content of white flour is considerably lower than that of whole 
wheat flour or whole wheat grain (Czerniejewski et al., 1964). 
Myers et al. (1935) showed that whole-wheat bread contains twice as 
much iron and copper as white bread, and rye bread contains more 
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copper and iron than white bread but less iron than whole wheat 
bread. For this reason, many countries fortify these products and 
other foods with minerals especially iron to reduce the high 
prevalence of iron deficiency (Emodi and Scialpi, 1980). 
Plant iron is less well absorbed than inorganic or animal iron 
sources. Callender and Warner (1968) showed that bread iron was 
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poorly absorbed by man compared with a standard dose of 5 mg of 
Fe 59-labelled ferrous iron. They also found that absorption was 
enhanced by giving orange juice with the bread. This observation is 
similar to that of Hussain et al. (1965) who found that food iron is 
less available for man than most iron salts, and that wheat iron is 
less available than either hemoglobin or ferritin. Furthermore, 
bread and wheat products have an inhibitory effect on the 
availability of ferrous sulfate, when compared with the iron salt 
alone (Lee and Clydesdale, 1979). However, Mameesh et al. (1970) 
found high absorption of iron from whole wheat, chickpea, broad bean 
and okra, but the amounts absorbed were also much less than from 
ferrous ascorbate. They concluded that a high degree of dependence 
on wheat as a source of dietary iron may contribute to iron 
deficiency anemia. In contrast, Elwood et al. (1968) found that 
anemic human subjects absorbed the naturally occurring iron in white 
flour was well as from ferric ammonium citrate. They also found 
that iron absorption from wheat bran was less than that of the iron 
salt, but few of the subjects given wheat bran were likely to have 
been iron deficient. 
Previously, Widdowson and McCance (1942) showed that percent 
iron absorption from a diet which included brown bread was found to 
be lower than that from a white bread diet. There was a lower total 
iron content in the latter diet. Ferrous sulfate fortification of 
white and wholemeal bread was compared to assess the possible 
inhibiting effect of phytates on iron absorption (Vellar et al., 
1968). Two hours after eating 100 g of bread, the mean increases in 
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serum iron in 20 young nurses was 59 g/dl after white bread and, in 
the same subjects, 30 g/dl after the wholemeal bread. Vellar et al. 
(1968) suggested that phytates in wholemeal bread partially 
inhibited iron absorption. In contrast, using total body counting, 
Callender and Warner (1970) found that brown bread may be a better 
source of dietary iron than white bread enriched with iron. Miller 
(l976a), on determining the available iron per kilogram of per 1000 
kcal of bread, found that breads containing whole grain wheat or rye 
flours were superior to white bread. In a study (Bjorn-Rasmussen, 
1974) comparing iron absorption from white bread and bread baked 
with different amounts of bran added (from 10· to 0.3%), there was a 
decrease in iron absorption from rolls baked with 3.3% or more added 
bran . In comparison between wheat with and without ascorbic acid 
added, Kuhn et al. (1968) found that absorption of the former was 
2.5 times the latter. They also found that iron absorption from 
bread was decreased by adding desferrioxamine. Desferrioxamine 
(D.F.), a potent and specific iron chelating substance, has been 
found to reduce the absorption of iron from the diet of patients 
with hemoc hromatosis (disease of iron overload) (Hwang and Brown, 
1963, 1965; Lancet, 1962). 
Unfortunately, the diet is rich in phytic acid in areas where 
the food is predominantly made of cereals, grains, seeds, vegetables 
and their ingredients, the almost exclusive source of dietary iron 
(Ellis and Morris, 1981; Gillooly et al., 1983; Venkatachalam, 
1968). These foods are high in potential inhibitors of iron 
absorption such as phytates and fiber (Reinhold et al., 1975). 
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Ranhotra et al. (1979) showed that ingredients such as wheat bran, 
soy flour, vegetable flour, but not purified cellulose, interfered 
with the availability of iron for anemic rats. They indicated that 
the magnitude of that interference was unrelated to the amount of 
phytate phosphorus or dietary fiber present in the breads. 
Meat Factor: 
It has been demonstrated that addition of animal tissue such as 
meat to a diet increases its iron absorption (Layrisse et al., 
1968). Besides contributing highly available heme iron, animal 
tissue in the diet produces an increase in the absorption of nonheme 
iron (Morek and Cook, 1981). Layrisse et al. (1969) reported that 
the absorption of nonheme iron from vegetable foodstuffs was 
markedly improved when they were served together with meat or fish. 
This finding has been confirmed (Bjorn-Rasmussen and Hallberg, 1974, 
1979; Martinez-Torres and Layrisse, 1971). In an attempt to improve 
the iron bioavailability from plant sources to humans, 
Bjorn-Rasmussen and Hallberg (1974) found that meat markedly 
increased the iron absorption from maize. These observations are 
similar to those of Martinez-Torres and Layrisse (1971) who found 
that veal enhanced absorption of iron from corn and black beans. 
They also reported that meat is by far the best source of food iron 
ut i lized by man. Further, its absorbability is similar to that 
observed from ferrous sulfate. With an experiment using different 
kinds of animal tissues, Cook and Monson (1976) showed that 
substitution of beef, lamb, pork, liver, fish and chicken for egg 
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ovalbumin protein supplement in a semisynthetic diet (low iron 
availability) resulted in a 2-fold to 4-fold increase in iron 
absorption whereas no increase was observed with milk, cheese, or 
egg supplements. They also showed that all sources of animal 
proteins are not equivalent in thier enhancement effect on nonheme 
iron absorption. Bjorn-Rasmussen and Hallberg (1979) confirmed that 
nonheme dietary iron absorption was improved when beef, fish, 
chicken or calf thymus was added to a maize meal, but they noted no 
response for egg white, cysteine or a water extract of beef. 
Iron availability is higher from meat (beef) compared with 
vegetables (Layrisse et al., 1969; Layrisse and Martinez-Torres, 
1971) but lower than that of ferrous sulfate or soybean protein 
(Mahoney et al., 1974; Rotruck and Luhrsen, 1979). Mahoney et al. 
(1974) showed that iron in beef had bioavailability for rats of 43% 
compared with 51 and 45% for ferrous sulfate and egg diet. Rotruck 
and Luhrsen (1979) found that iron from cooked beef had a 
bioavailability to rats of 26-55% of ferrous sulfate compared with 
82-100% for soybean protein isolate. Recently, Ranger and Neale 
(1984) showed that iron availability of meat was 32-39% compared 
with 29-57% for soy protein diets and the availability was enhanced 
(61-92%) with soy/meat combination. 
The mechanism by which animal tissue acts to promote the 
absorption of dietary nonheme iron is controversial. It was 
believed that amino acids and/or polypeptides resulting from 
proteolytic digestion might chelate dietary iron, thereby 
facilitating its absorption (Cook and Monsen, 1976; Martinez-Torres 
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and Layrisse, 1970; Van Campen, 1972). Layrisse et al. (1968) 
indicated that interaction of vegetable with animal food during 
digestion may change the pattern of iron absorption of these foods 
given alone. They also suggested that a certain proportion of 
animal products in the diet is needed to enhance iron absorpt ·ion 
from vegetable foods. 
More recently, Bjorn-Rasmussen and Hallberg (1979) concluded 
that meat acts by counteracting luminal factors that inhibit iron 
absorption . They added that the most probable mechanism for this 
action is formation of a luminal carrier which transports the iron 
to the mucosal cell membrane. As mentioned above, Hallberg et al. 
(1979) postulated that meat stimulates the digestion of food and 
thereby releases the dietary iron to make it more available for 
absorption. 
Nutritional Status: 
One of the main factors which affects assessment of iron 
absorption is iron status (Magnusson et al., 1981). As iron stores 
fall, absorption increases, and once stores are replete, absorption 
falls to a low level (Morek and Cook, 1981). However, the greater 
the need for iron, the more will be absorbed and there are 
undoubtedly factors which can alter that absorption of iron in 
relation to iron requirements (Callender, 1967). Callender et al. 
(1957) and others (Harper, 1971; Schulz and Smith, 1958) reported 
that in iron deficiency anemias, the absorption of iron may be 
increased to 2-10 times normal. van-Hoek and Conrad (1961) found 
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that normal iron-replete adult humans absorbed 10% or less of an 
orally administered test dose compared with 29-71 % for iron 
deficient subjects. Pirzio-Biroli and Finch (1960) reported that, 
even when plasma iron and hematocrit values were similar, absorption 
of food iron was increased to the iron-deficient level in depleted 
subjects and was normal or slightly depressed in iron-loaded 
subjects. Iron absorption is increased in the latter half of 
pregnancy in normal women and more so in iron-deficient women (Apte 
and Iyenger, 1970). 
Iron deficient rats absorb up to 20 times more iron from 
hemoglobin (Wheby et al., 1970), 2 times more iron from wheat 
(Hussain et al., 1965) than iron-loaded rats. Using radioactive 
iron, Copp and Greenberg (1946) found that iron-deplete rats 
absorbed over 90 percent of the iron dosed (pressed from 
administration in neutral isotopic saline as ferric citrate, or iron 
ammonium citrate), compared with normal growing rats which absorbed 
less than one-third. More recently, Field et al. (1960) measured 
iron absorption in iron deficient, normal and iron repleted rats by 
total body counting, stool counting, and red cell counting of Fe 59 
dosed. They found that greater than normal efficiency of absorption 
was demonstrated in anemic rats by all 3 methods, whereas less than 
normal efficiency of absorption was demonstrated in rats with 
increased iron stores by total body red cell counts, but not by 
stool counting. In rats, serum iron (SI), ferritin iron (Fe-rion) 
and apoferritin contents of the spleen, liver, and duodenum mucosal 
were decreased; however, total iron binding capacity (TIBC) and 
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reticulocyte (RC) count in the blood were increased (Setsuda et al., 
1980). Schricker et al. (1983) found that iron status did not 
affect relative iron availability among treatments. The rat trials 
did not indicate any significant differences between relative iron 
absorption from meals containing soy flour (SF), soy protein 
concentrate (SC) or soy protein isolate (SI) regardless of the iron 
status of the rats. 
Physiologically, Crosby (1968) reported that with iron-loaded 
rats less iron is accepted by the mucosa, but the absolute amount 
remaining in the mucosa of the duodenal loop is the same as in 
normal rats; the proportion of iron remaining in the gut is less 
(20 %) instead of 45%. He added that with iron deficient animals 
much more iron comes into the mucosa and most of it (75%) is 
transferred to the plasma. Acheson and Schultz (1972) found in 
rabbits that undirectional influx of iron across the mucosal border 
of the duode num is significantly greater in anemic rabbits than in 
controls. 
Assessment of Dietary 
Iron Bioavail ability: 
The assessment of iron bioavailability, especially for human 
subjects, has been for many years a controversial field and 
considered to be a difficult estimation due to so many factors which 
affect iron absorption and assimilation in the body (Morris, 1983). 
Bioavailability is a measurement of the potential use of a 
mineral, nutrient, or drug by an organism (Smith, 1983). 0 1 Dell 
(1984) defined the concept as the proportion of a nutrient in food 
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which is absorbed and utilized. Concerning iron bioavailability 
from any source, Mahoney and Hendricks (1982) defined the term as 
that portion of the total iron which can be metabolized. Therefore, 
the diet must supply more iron than the physiological requirement of 
the organism for growth, hemoglobin regeneration and for replacement 
of daily losses (Mahoney and Hendricks, 1982; Morris, 1983). O'Dell 
(1983) reviewed that the best indices of bioavailability are such 
physiological responses as growth rate, hemoglobin production, and 
iron balance. He also added that the best way to assess 
bioavailability is to compare absorption and utilization of the 
element in food with those in a standard soluble salt of the 
element. Further, a good assay method for the bioavailability of 
iron should provide data that would help in selecting and 
controlling the best iron preparation for addition to foods and help 
in determining what foods are the most valuable sources of this 
dietary essential (Bing, 1972). 
Since the amount of iron absorbed by people and animals varies 
directly with their iron status, it is inappropriate to compare the 
data obtained from most animal and human assays (Mahoney and 
Hendricks, 1982). This is because healthy subjects are usually used 
in human assays (Cook et al., 1981) and iron deficient subjects are 
usually used in animal assays. Also, in human studies more iron is 
dosed than the subject can utilize (requirement) but in animal 
studies the dose generally does not exceed iron need (requirement). 
It is not clearly established how the iron absorption in 
animals mirrors that in man, but many similarities are evident 
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(Mahoney and Hendricks, 1984). The bioavailability of iron from 
Indian diets based on rice and wheat was studied in humans and 
monkeys using Fe59 tracer and whole body counting (Narasinga Rao et 
al., 1977). When food iron retention was expressed in relation to 
inorganic iron retention (relative bioavailability), the retention 
ratio, food iron: inorganic iron in monkeys was similar to that in 
human subjects. Thus, monkeys can be used to study iron absorption 
from human diets. 
The laboratory rat is a very convenient experimental model and 
used widely in nutritional, biochemical, pharmacological, 
toxicological, environmental and behavioral experimentation. 
Although it has been criticized as a model for use in assaying iron 
bioavailability especially in meat products and, therefore, a poor 
model for studying this human nutritional problem (Picciano, 1978; 
Weintraub et al., 1965), this criticism appears to be unjustified. 
The rat or rat intestinal tissue was used in critical studies 
supporting the conclusion that heme is absorbed directly into the 
mucosal cell where it is liberated by heme oxygenase for 
incorporation into ferritin (or transferrin) for transport (Raffin 
et al., 1974; Wheby et al., 1970). This confirms in rats what 
Weintraub et al. (1968) had found in dogs. Thus, Turnbull (1974) 
concluded that in man, dog and rat, heme is absorbed intact into the 
mucosa where it is broken down and the absorbed iron is found in the 
plasma bound to transferrin. In a recent review (Mahoney and 
Hendricks, 1984), it was found that 18 of 20 factors known to 
increase or decrease iron absorption in humans also did in rats. A 
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high correlation (r = 0.94) was found between mean iron absorption 
values of rats and humans given ferrous sulfate, hemoglobin or meat 
when both species were of similar iron status. The ratio of 
intrinsic to extrinsic iron absorption was found to be 1.1:1.0 in 
humans (Cook et al., 1972) and 1.14:1.0 in rats (Monson, 1974) fed 
similar iron sources. The rat appears to be a good model for 
studying iron bioavailability in both heme and nonheme sources. 
Among the methods which are currently used to measure iron 
bioavailability are firstly those methods which include 
physiological responses as hemoglobin regeneration, iron balance and 
sometimes growth rate; and secondly those methods which use isotopic 
techniques. 
Hemoglobin Repletion Methods: Iron bioavailability in food sources 
was assessed using hemoglobin regeneration in anemic animals 
especially rats more than sixty years ago (Mitchell and Schmidt, 
1926). The hemoglobin repletion method depends on assessment of the 
responses in hemoglobin concentration (Crosby et al., 1954; Mitchell 
and Schmidt, 1926; Myers et al., 1935) or hematocrit (Cohen, 1967), 
that occur during the repletion of iron depleted animals. Pla and 
Fritz (1970) and others (Fritz et al., 1970; Fritz et al., 1974; 
Fritz et al., 1975; Fritz et al., 1978; Pla and Fritz, 1971) 
proposed the use of hemoglobin regeneration in rats and chicks for 
determining iron bioavailability. The method was adopted as an 
official method by the Association of Official Analytical Chemsits 
in 1971. In this method, rats and chicks are fed iron deficient 
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diet (2-4 weeks) until they become anemic (Hb less than 6 g/dl). 
The animals are then fed equivalent amounts of iron from different 
dietary sources using ferrous sulfate as a reference source. After 
2 weeks on the test diets, hemoglobin and/or hematocrit values are 
measured as the criteria of response to the iron. Interpretation 
depends on comparing responses between the tested iron with that of 
ferrous sulfate. Biological availability is the percentage of 
hemoglobin repletion of the animals fed the test diet to those fed 
ferrous sulfate. Hematocrit, rather than hemoglobin concentration, 
has been suggested as a possible parameter of response for 
assessment of bioavailability of iron (Amine et al., 1972). 
Anderson et al. (1972) showed that there was a difference in 
response of hemoglobin and hematocrit to dietary treatments. 
Further, different repletion periods have been used in which the 
relative availability of iron from several sources differed with 
altering the period from 30 days to 15 days (Ranhotra et al., 1971). 
Mahoney et al. (1974) pointed out that rating the bioavailability of 
iron sources according to hemoglobin concentration can lead to 
mistaken results. Since hemoglobin concentration is an indirect 
measure of the amount of iron present in the blood, it cannot 
reflect accurately the amount of iron in the blood of animals of 
different size. Also, increases in hemoglobin concentration fail to 
take into account differences in weight gained resulting from 
differences in food intake by the animals and the amount of iron · 
consumed can be affected both by the acceptability and iron 
concentration of the different diets. 
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Alternatively, one may calculate iron bioavailability as the 
efficiency of incorporation of dietary iron into hemoglobin based on 
body weight gain, hemoglobin concentration, and iron consumed from 
diet (Mahoney et al., 1974, 1979; Park et al., 1983a,b; Zhang et 
al., 1985). 
Iron Balance Technique: The chemical balance represents the 
difference between iron intake and excretion. This is the most 
widely used method for determination of trace element 
bioavailability in man in spite of its deficiencies. It is still 
used in many studies since first used by Widdowson and McCance 
(1942) to determine the iron absorption from bread by man, 
especially in situations where radioactive isotopes are not 
available (Van Campen, 1983). In spite of obligatory metabolic 
losses of iron through skin and urine (Crosby, 1968), most iron 
balance studies ignore them. This is because these loses are very 
sma 11. 
Errors in determination of either intake or excretion can cause 
significant errors in estimates of absorption (Van Campen, 1983), 
due to overestimating the iron intake or underestimating iron 
excretion (Hegsted, 1973). Any contamination, analytical, or 
sampling error may mask the effects on iron balance that may be 
attributed to diet (Morek and Cook, 1981). 
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Radioisotopic Techniques: These techniques are used extensively to 
estimate iron bioavailability by both humans and animals. Use of 
radioactive label tracers for assessment of iron bioavailability was 
done early (Austoni and Greenberg, 1940; Moore et al., 1944). 
Isotopic studies of food iron absorption in man have been the source 
of most of our present knowledge of factors affecting food iron 
absorption (Cook, 1983). The absorption of food iron may be 
assessed by measuring the degree of retention of iron isotope given 
to the subjects in which it is added extrinsically or intrinsically 
to the food and the type of isotope may be either radioactive or 
stable (O'Dell, 1984). After elimination of unabsorbable iron in 
the feces and urine, the retained radioiron is measured by any 
counting apparatus. The isotope tracers are determined in fractions 
of blood, mucosal tissues, liver, whole body and feces (Lee and 
Clydesdale, 1979). 
These are the most popular, new, convenient and accurate 
methods for assessment bioavailability of nutrients (O'Dell, 1984; 
Smith, 1983). However, the nature of the isotope and its use 
deserves careful consideration in which the major problems in the 
use of isotopes relates to the method of adding the label (O'Dell, 
1984). Validity of results, safety, complexity and cost are 
additional factors to be considered (Consaul and Lee, 1983; Lee and 
Clydesdale, 1979; Monson, 1974; O'Dell, 1984; Van Campen, 1983). 
Extrinsic vs Intrinsic Radioisotope Labels: Intrinsic labeling is 
when the isotope is added to the nutrient culture solution in which 
foods/or organisms are grown. They incorporate the isotope 
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biosynthetically under normal physiological conditions into their 
tissues. In case of extrinsic labeling, isotope is added to the 
diet or to the meal (Amine and Hegsted, 1971; Consaul and Lee, 1983; 
Thompson and Erdman, 1984, 1985), administered by gavage (Bannerman 
et al., 1962; Johnson and Evans, 1978) or injected into the muscle 
(Layrisse et al., 1968; Sell, 1965) or veins (Bathwell et al., 1956; 
Greenberg and Wintrobe, 1946). When the isotope is given in the 
meal or by gavage, it is assumed that the added isotope becomes 
uniformly distributed in the stomach with the native nonheme iron on 
consumption of the test products. 
The extrinsic labeling technique has recently become popular in 
iron bioavailability research (Consaul and Lee, 1983). This 
technique of labeling of an element in food for measurement of its 
absorption is simpler and less expensive than intrinsic labeling, 
but less reliable (O'Dell, 1984). However, intrinsically labelling 
of foods has provided useful information about the availability of 
iron from foods, but the technique is severely limited by the 
difficulties, cost and time involved in preparing the intrinsically 
labeled foodstuffs (Monson, 1974). 
It was pointed out by Hallberg (1974) and reviewed by Van 
Campen (1983) and O' Dell (1984) that extrinsic radioactive iron 
behaves in a manner entirely analogous to the element intrinsic to 
most foods. The extrinsic radioactive isotope added to the food 
comes to equilibrium with all pools of the element in the food or at 
least behaves nutritionally in an entirely analogous manner (O'Dell, 
1984). The small amount of radiotracer, added as a soluble iron 
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salt, exchanges completely with the nonheme pool; and the addition 
of a small amount of radiolabeled heme exchanges completely with the 
heme pool (Van Campen, 1983). However, certain forms of iron like 
unmilled rice, or certain iron fortification compounds, ferritin and 
hemosiderin iron and contamination iron do not undergo complete 
exchange (Bjorn-Rasmussen et al., 1977; Hallberg, 1981; Layrisse et 
al., 1975). In this situation of incomplete exchange, the extrinsic 
tag method will overestimate iron availability. 
An advance was made with a new technique of double labeling 
intrinsically with one isotope and extrinsically with another. The 
method has been used for measuring the absorption of heme and 
nonheme iron for the entire diet. In their study, Schultz and Smith 
(1958) compared the absorption of biosynthetically labeled milk iron 
(intrinsic tag) with that of an added radioiron spike (extrinsic 
tag). They found that the ratio of extrinsic iron to intrinsic iron 
was almost one, indicating identical absorption of both types. A 
comparison was made later by Monson (1974) in humans between the 
absorption of Fe 55 incorporated biosynthetically into food grown by 
hydroponic culture (intrinsic tag), and the absorption of a tracer 
d 0 0 F 59 ( 0 0 ) ose or 1norgan1c e extr1ns1c tag . They found that the ratio 
of absorption of extrinsic to intrinsic iron in maize, black bean 
and wheat was consistent (1.10). Similar observations were reported 
by Layrisse et al. (1973) on the assimilation of fortification iron 
by man. They also found with test meals of labeled maize given 
along or with unlabeled meat that the ratio of extrinsic to 
intrinsic tag absorption was close to unity along a wide range of 
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absorption percentages. The close and highly consistent 
relationship observed between the absorption of extrinsic and 
intrinsic radiolabeled iron indicates the validity of assessin9 the 
absorption of nonheme iron in a normal diet by using an extrinsic 
label (Cook et al., 1972). Soluble forms of inorganic iron added 
extrinsically to a meal exchange completely with other dietary 
nonheme iron released into a common pool of available iron in the 
acidic environment of the stomach (Morek and Cook, 1981). 
Several authors (Bjorn-Rasmussen and Hallberg, 1979; 
Martinez-Torres et al., 1981) suggested that the bioavailability of 
extrinsic iron and other forms of nonheme iron may be affected 
differently by inhibitors (like phytate) and enhancers (like 
cysteine) in the di et. However, Consaul and Lee (1983) reported 
that addition of ascorbic acid to selected foods and composite meals 
has been shown to equally affect the absorption of extrinsic and 
intrinsic tracers. Very recently, Johnson et al. (1986) compared 
the two techniques for soy and spinach using rats. They suggested 
that no significant differences in absorption (p < 0.05) occurred 
between labeling techniques. 
There has been increasing interest in using stable isotopes to 
study mineral bioavailability in man since Fe 58 was fir st used by 
Lowman and Krivit in 1963. The reasons for this has been to allow 
tracer studies for those mineral elements for which no suitable 
radioactive isotope exists and to do tracer studies in human 
subjects without exposing them to ionizing radiation (Carni et al., 
1980; O'Dell, 1984; Van Campen, 1983). Furthermore, there is no 
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decay and hence no time restraint in the experimental design or the 
analysis (o•oell, 1984). However, the difficulty with this method, 
is that the stable isotopes are extremely expensive and less 
available (o•oell, 1984 and Van Campen, 1983). They are difficult 
to measure accurately requiring costly instruments compared with the 
radioisotopic method. 
PART I 
EFFECT OF MEAT ON IRON BIOAVAILABILITY 
OF MEAT:BREAD MIXTURES FED TO 




Iron deficiency anemia is the most prevalent nutritional 
problem in the world, which reflects the importance and the 
essentiality of iron to the human body. Cook (1983) reported that 
only a limited proportion of iron in our diet can be assimilated by 
the gastrointestinal tract and that the high prevalence of iron 
deficiency in developing countries is more closely correlated with 
the quality of the diet than total iron intake. Many factors have 
been known to cause iron deficiency, among them are the composition 
of the meal as a source of iron in the human diet. This problem is 
severely prevalent in populations which subsist primarily on plant 
products such as legumes and cereals (Elwood et al., 1968; Gilooly 
et al., 1983) which contain moderate amounts of iron, but with lower 
bioavailability {Venkatachalam, 1968; Gillooly et al., 1983) which 
contain moderate amounts of iron, but with lower bioavailability 
(Venkatachalam, 1968; Layrisse et al., 1969). 
Cereals make a good vehicle for supplying energy and other 
micronutrients such as iron in most countries (Barrett and Ranum, 
1985). Historically, bread has constituted a major part of the 
human diet as a source of calories, vitamins and minerals (Bogert et 
al., 1973; Elwood et al., 1968; Magoffin and Hoseney, 1974). 
However, bread iron is less ~fficiently absorbed than standard doses 
(5 mg) of Fe 59 labeled ferrous iron (Callender and Warner, 1968) 
iron salt, hemoglobin, or ferritin iron (Hussain et al., 1965, and 
Mameesh et al., 1970). Widdowson and McCance (1942) found that iron 
ill 
from white bread was absorbed better by man than that of brown 
bread, although there was more total iron in the latter diet. Myers 
et al. (1935) found that the iron of whole wheat bread appears to be 
equivalent to inorganic iron for hemoglobin production. More 
recently, Callender and Warner (1970) found that brown bread may be 
a better source of dietary iron than white bread enriched with iron. 
Vellar et al. (1968) reported that phytates in whole meal bread 
partially inhibited iron absorption. Others (Bjorn-Rasmussen, 1974; 
Simpson et al., 1981) have demonstrated that wheat bran in the diet 
1 b t . f t . . . 59 owers a sorp 1on o ex r1ns1c 1ron Further, Ranhotra et al. 
(1979) suggested that ingredients, such as wheat bran, interferred 
with the availability of iron for anemic rats. 
On the other hand, addition of animal tissues such as meat, 
fish or poultry to a diet increases iron absorption (extrinsic 
iron 59 ) (Layrisse et al., 1968). Absorption of nonheme iron from 
vegetable foodstuffs was improved when they were served together 
with meat or fish (Layrisse et al ., 1969). The objectives of this 
study were to determine hemoglobin regeneration efficiency (HRE), 
iron absorption and total body iron gain of anemic and healthy rats 
fed diets containing iron as mixtures of meat (beef) with enriched 
white bread (EWB) or whole wheat bread (WWB). This method assays 
the bioavailability of total dietary iron. 
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MATERIALS AND METHODS 
Food: 
EWB and WWB were purchased from local markets. Beef was 
purchased from the Meat Laboratory of the Nutrition and Food 
Sciences Department. All materials were freeze dried and ground in 
a blender. The compositions of these products are presented in 
Table 1 . 
.Qi e_!__fre~ ratio~: 
Ground lypholized beef, EWB, WWB and ferrous sulfate were 
incorporated into diets (Table 2) to provide approximately 30 ppm 
iron. The experimental diets were formulated so that the dietary 
iron was distributed as follows: 
Diet #1. 100% beef iron + 0% EWB or WWB bread iron 
2 and 6. 75% beef iron + 25% EWB or WWB bread iron 
3 and 7. 50% beef iron + 50% EWB or WWB bread iron 
4 and 8. 25% beef iron + 75% EWB or WWB bread iron 
5 and 9. 0% beef iron + 100% EWB or WWB bread iron 
10. Basal 
11. FeS04 
The diets were supplemented with vitamins, minerals, NaH2Po4, 
Caco
3 
and cellulose to provide adequate amounts of all nutrients 
(NAS/NRC, 1978); iron was the nutritionally limiting factor. The 
vitamin mixture contained (g/kg): alpha-tocopherol, 50; inositol, 
5.0; menadione, 1.25; vitamin A concentrate (200,000 IU retinyl 
acetate/g) 4.5, vitamin D concentrate (400,000 IU calciferol/g), 
Table 1. Composition of the lypholized food 
Food Protein % Fat % Moisture % 
Beef 61.3 I 34.2 2.1 
Bread 
Enriched White 15.5 4.13 4.26 
Whole Wheat 15.9 6.49 4.20 
Values in ( ) are determined for fresh samples. 
Minerals, mg/kg 
I ron Calcium 
1 01 . 9 290 
57.7 (31.0) 1180 







Table 2. Diet composition, g/kga 
Iron Source b 
Enrichea ~hite Bread ~hole ~heat Breaa Basal FeS04 Beef: 100 75 50 25 0 75 50 25 0 0 0 
Ingredient Bread: 0 25 50 75 100 25 50 75 100 0 0 
Diet Number 1 2 3 4 5 6 7 8 9 10 11 
Beef 295 221 147 74 0 221 147 74 0 0 0 
Bread 0 130 260 390 520 128 257 285 513 0 0 
FeS04.7H2o 0 0 0 0 0 0 0 0 0 0 0.357 
Vitamin free casein 0 30.3 60.5 90.8 121 29.9 59.9 89.8 119.7 219 219 
Corn oi 1 0 19.8 39.6 59.4 79.1 16.8 33.7 50.5 67.3 101 101 
Diet iron, mg/kgc 28.1 30.0 29.3 31.5 31.0 28.9 28.3 29.1 30.7 10.2 34.4 
Diet calcium, g/kgc 3.35 3.56 2.97 3.62 3. 31 3.8 3.12 3.44 4.01 2.89 3.40 
Diet phosphorus, g/kgc 7.10 6.2 5.90 5.69 6.3 5.85 7. 01 6.65 6.03 6.4 6.75 
aThe diets contained the following (g/kg): mineral mixture 12; vitamin mixture 20; NaH 2Po4 20; bCaC01 15; cellulose 50 and dextrose to make 1 kg total diet. Percent of dietary iron supplied as beef and bread. 




0.25; niacin, 4.5; riboflavin, 1.0; pyridoxine-HCl, 1.0; 
thiamin-HCL, 1.0; ascorbic acid, 45.0; Ca pantothenate, 30.0; 
biotin, 0.02; folic acid, 0.09; vitamin B12 , 0.00135; and dextrose 
to equal 1 kg. The mineral mixture contained (g/kg): KCl, 296.7; 
MgC0
3
, 121.0; MnS04.H20, 12.7; CoC0 3.6H20, 0.7; CuS04.7H20, 1.6; Kl, 
0.8; Na2Mo04.2H20, 0.1; ZnS04.7H20, 28.0; and glucose to equal 1 kg. 
Diets were equalized to contain 10% fat and 18% protein using corn 
oil and casein, respectively (Table 2). 
Animal Procedures: 
Weanling, male, Sprague-Dawley rats (Simonsen Lab., Inc., 
Gilroy, California) were used in this study. Upon arrival, the rats 
were divided in two sections (iron depleted and healthy). The iron 
depleted (anemic) animals were fed the basal diet (10.2 ppm Fe) for 
seven days and bled until anemic by removing about 30 drops of blood 
twice (days 2 and 4 after arrival) from the retro-ocular capillary 
bed using a heparinized capillary tube. The healthy animals were 
fed supplemented diet (approximately 35 ppm iron) for seven days to 
maintain normal hemoglobin concentration. 
All the animals were weighed, hemoglobin determined and the 
experiment was started on day eight. Seven or eight animals each 
were assigned to test diets in both diet groups balancing for 
hemoglobin concentration and · body weight. The number of metabolic 
cages available made it necessary to put 7 animals in some diet 
groups. One group each of anemic and healthy animals was killed at 
the beginning of the experiment to determine the total body and 
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liver iron initially. During the 10-day experimental period, the 
rats were fed approximately 10 g of fresh test diet daily. Food 
intake was quantitated daily by weighing the amounts fed, spilled 
and refused. Demineralized water in plastic bottles equipped with 
rubber stoppers and stainless steel lick spouts was available~ 
libitum, and fresh water was provided on alternate days. The rats 
were kept in stainless steel cages with wire-mesh fronts and bottoms 
in an animal room artifically lighted between 0700 and 1700 h. 
Temperature was controlled at approximately 25°C. 
Body weights and hemoglobin concentrations were determined 
again on day ll and the rats were sacrified by decapitation. Livers 
were removed blotted free of blood and stored for iron analysis. 
Feces and urine were collected and analyzed for iron content to 
determine iron balance. The carcasses were placed in glass canning 
jars with 25 ml glacial acetic acid and about 125 ml deionized 
water. The jars were autoclaved for 90 min at l20°C. The carcasses 
were then blended and sampled for iron analysis. 
Analytical Procedures: 
Bread, meat (beef) and diets were analyzed for moisture, 
protein and fat, using oven drying (l05°C overnight), microKjeldahl 
and Gold Fisch methods, respectively (Pearson 1973; AOAC 1980). 
Iron, calcium and phosphorus were determined by ashing the 
samples at 550°C for 24 h. Ashes were dissolved in 5 ml of 6N HCl 
then diluted to 25 ml with demineralized water. In part II, the 
samples were wet ashed with nitric acid and hydrogen peroxide. The 
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residues were dissolved in 5 ml of 6N HCl then diluted to 25 ml with 
demineralized water. 
Iron was determined colorimetrically by method 14.011 of AOAC 
(1980) using -dipyridyl reagent. Absorbance was measured at 520 
nM with a Beckman DB GT Grading Spectrophotometer, Fullerton, CA 
92634. The assayed iron percentage of National Bureau of Standards 
for bovine liver and wheat flour were 103%, 94% for wet ashing and 
92%, 96% for dry ashing. 
Calcium was determined by using an Instrumentation Laboratory, 
Model 457, atomic absorption spectrophotometer. One percent of 
100,000 ppm lanthanum solution was added to eliminate phosphate 
interaction. The solution was made by dissolving 234.4 g La 2o3 in 
440 ml HCl and diluted to 2.0 1 with deionized water. 
Phosphorus was determined colorimetrically by method 22.042 of 
the AOAC (1980) using molybdovanadate reagent. Absorbance was 
measured at 400 nM with the spectrophotometer above. 
Hemoglobin concentration was measured colorimetrically using 
the cyanmethemoglobin method of Crosby et al. (1954). 
The efficiency of the incorporation of dietary iron into 
hemoglobin (Hemoglobin Regeneration Efficiency, HRE) was computed 
for each animal based on initial and final body weights, initial and 
final hemoglobin concentrations, and iron consumed. Milligrams 
hemoglobin iron were computed from the following equation assuming 
that 6.7% of the body weight is blood and that hemoglobin contaihs 
3.35 mg iron per gram (Cartland and Koch 1928): 
mg Hb Fe= BW X 6.7 ml blood X ~ X 3.35 m9 Fe 
100 g BW 100 ml 1.0 g Hb 
where BW = Body Weight; and Hb = Hemoglobin 
HRE was computed for each animal as follows: 
HRE = m9 Final Hb Fe - m9 Initial Hb Fe X 100 mg Fe consumed 
Apparent iron absorption was calculated as follows: 
% Ab 0 tio = m9 total iron intake - m9 fecal iron X 100 
o s rp n mg total iron intake 
Dry matter absorption (DMA) was calculated as follows: 
% DMA = 9 total diet intake - 9 feces X 100 
o g total diet intake 
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The data were analyzed statistically (Steel and Terrie 1980) by 
analysis of variance using F test and Least Significant Difference 
(LSD) values using a Minitab computer program. The enhancement or 
depression effect of meat (beef) on bioavailability of total dietary 
iron was evaluated by testing the response curves for linearity. 
The hemogeneity of the correlation coefficients calculated from 
normalized data was compared to raw data using Z statistics. 
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RESULTS AND DISCUSSION 
Lypholized beef, EWB and WWB used to prepared the diets were 
analyzed for protein, fat, iron, calcium, phosphorus and moisture 
and balanced diets were prepared accordingly (Table 2). Both EWB 
and WWB are good sources for iron and contain 3.10 and 2.95 mg/100 
g. These values are a little higher than other researchers have 
determined (Mahoney, 1982; Ranum and Loewe, 1978; Watt and Merrill, 
1967) but are similar to those determined by Czerniejewski et al. 
(1964). 
Hemoglobin Regeneration Efficiency (HRE): 
Effects of meat (beef) on dietary iron bioavailability in 
bread:meat mixtures for anemic rats are shown in Table 3. All test 
diets contained between 28.3 and 34.4 ppm iron and the basal diet 
contained 10.2 ppm iron. The diet containing ferrous sulfate served 
as a reference in the experiment. HRE of the ferrous sulfate diet 
was 64%, similar to what had previously been observed in this 
laboratory (Mahoney and Hendricks, 1982; Park et al., 1983a; Park et 
al., 1983b; Zhang et al., 1985). This value is in agreement with 
those of Mahoney and Hendricks {1976); Park et al. (1983b) and 
Buchowski, Thannoun, Mahoney and Hendricks (unpublished data) and is 
slightly lower than that of Zhang et al. (1985). The hemoglobin 
concentration of animals fed the basal diet (diet 10) decreased 
slightly (-0.07 g/dL). Rats fed the basal diet gained less weight 
(33 g) than rats fed ferrous sulfate diet (52 g). 
Table 3. Iron bioavailability of diet mixtures containing beef and enriched white or whole 
wheat bread fed to growing anemic rats 
Iron Sourcea 
LSDb Enriched White Bread Whole Wheat Bread Basa1 FeS04 Beef: 100 75 50 25 0 75 50 25 0 0 0 -m 
Ingredient Bread: 0 25 50 75 100 25 50 75 100 0 0 
Diet Number l 2 3 4 5 6 7 8 9 10 ll 
Diet iron, mg/kgc 28. l 30.0 29.3 31.5 31.0 28.9 28.3 29. l 30.7 10.2 34.4 
Body weight, g 
Initial 89 88 90 89 88 95 93 87 86 86 90 NS 
Gain 52 52 50 56 53 51 49 44 48 33.3 52 12/16 
Hemoglobin, g/dl 
Initial 5.39 5.05 5.57 5.52 53 5. 41 5.25 5.21 5. 31 5. 21 5.04 NS 
Gain 3.23 3.00 2.87 3.49 2.12 3.29 3.6 3.85 3.5 -0.07 5.11 0.83/l.l 
Hemoglobin Fe gain, mg 1.65 1.54 1.53 1.83 1.29 1.7 1.72 1.62 1.66 0.38 2.23 0.36/0.48 
Iron intake, mg 2.84 2.97 2.99 3.28 3.1 3.01 3.0 2.93 3.06 0.9 3.48 0.5/0.67 
HREd, % 58 52 51 56 42 56 57 55 54 42 64 7/9 
Relative efficiency 91 81 80 88 66 88 89 86 83 66 100 
aPercent of dietary iron supplied as beef and bread. Eight rats per mean. 
bMean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability. NS means not significantly different. U"l 
~Determined by analysis. 
0 
Hemoglobin Regeneration Efficiency 
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The anemic rats responses to variations in the ratio of bread 
iron to meat iron are shown in Table 3. HRE for the 100% meat diet 
(diet 1) was the highest (58%, 91 % of the FeS04 diet). This value 
is similar to what Buchowski, Thannoun, Mahoney and Hendricks 
(unpublished data) have found and higher than others have reported 
for meat (Jansuittivechakul et al ., 1985, 1986; Ranger and Neale, 
1984; Shah et al., 1983). The relative bioavailability of iron in 
EWB was 64%, similar to the relative bioavailability (61 %) 
calculated from data published by Shah and Belonje (1985). HRE 
values decreased as the percentage of meat to bread iron in mixtures 
decreased. The HRE and EWB (42%) was lower than that (67%) reported 
by Ranhotra et al. (1979). 
The relative bioavailability of iron in WWB was 83% similar to 
the value reported by Cowan et al. (1967). The HRE in the diet 
containing 100% iron from WWB was 53%, similar to the 47% reported 
by Ranhotra et al. (1979) but less than values calculated (HRE = 
73%, relative bioavailability = 98%) from the published data of 
Ranhotra et al. (1981) for a leavened Iranian bread made from 97% 
extraction wheat flour. HRE of meat iron is higher (58%) than those 
of EWB and WWB (42 and 53%, respectively) but lower than that of 
ferrous sulfate (64%). 
The healthy animals responses to the same diets are shown in 
Table 4. HRE for ferrous sulfate diet was 43% compared with 64% for 
the anemic ones. The HRE for healthy rats of basal diet was high 
(97%, 226% of FeS04) compared with the anemic rats (42%). These 
animals were most likely utilizing iron store for hemoglobin 
Table 4. Iron bioavailability of diet mixtures containing beef and enriched white or whole 
wheat bread fed to growing healthy rats 
a Iron Source h 
Enriched White Bread Whole Wheat Bread Basal FeS04 LSD~ Beef: lOO 75 50 25 0 75 50 25 0 0 0 --;JT 
Ingredient Bread: 0 25 50 75 100 25 50 75 100 0 0 
Diet Number 
Diet iron, mg/kgc 
Body weight, g 
Initial 
Gain 
1 2 3 4 5 6 7 8 9 10 




























11 . 6 11 . 19 11 . 06 11 . 07 11 . 18 11 . 55 11 . 09 11 . 28 11 . 29 11 . 29 11 . 2 NS 
1.42 1.29 0.94 1.17 1.1 0.96 1.28 1.21 1.09 -0.18 0.98 0.68/NS 
Hemoglobin Fe gain, mg 1.74 1.52 1.68 1.62 1.77 1.62 1.75 1.52 1.73 1.08 
Iron intake, mg 
d HRE , % 
Relative Efficiency 

























~Percent of dietary iron supplied as beef and bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significance Difference (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability. NS means not significantly different. 
~Determined by analysis. 




synthesis. HRE for healthy rats given the 100% meat diet (diet 1) 
was 55% (128% relatively to Feso4). This value was not much less 
than the value for anemic rats (58%). HRE for the respective 
meat:EWB mixtures were 49%, 54%, 51 % and 52% (114%, 126%, 119% and 
121 % relative to Feso4 , respectively). HRE for the respective 
meat:WWB mixtures were 57 %, 56%, 49% and 52% (119%, 130%, 114% and 
121 % relative to Feso4, respectively). At the iron dose given, HRE 
for both EWB and WWB was similar for the healthy rats. Also, at the 
iron dose given, HRE•s for anemic rats were slightly higher for the 
healthy animals in all the treatments. 
Absorption: 
Iron and dry matter absorption (DMA) data of anemic rats are 
presented in Table 5. All the groups consumed between 2.27 and 2.78 
mg iron during the seven-day iron balance experiment in which there 
were no significant differences among the treatments for both iron 
and diet consumed. 
The total liver iron for meat:bread mixtures varied between 146 
and 158 mi crograms. Rats fed FeS04 diet (diet 11) had the highest 
liver iron value (189 micrograms) compared with 153 and 145 
micrograms for 100% meat (diet 1) and both EWB and WWB diets (diet 5 
and 9), respectively. This value for FeS04 diet was less than that 
of Jansuittivechakul et al., (1985, 1986); Mahoney and Hendricks 
(1976) and little higher than that of Park et al. (1983a) and higher 
than that of Buchowski, Thannoun, Mahoney and Hendricks (unpublished 
data). The total liver iron for 100% meat diet was 153 micrograms, 
Table 5. Iron and dry mat te r absorption of diets containing mi xtures of beef and enriched 
white or whole whea t bread fed to growing anemic rats 
Iron Sourcea 
Enriched ~hite Bread ~hole ~neat Bread ~eS0 4 Beef: 100 75 50 25 0 75 50 25 0 0 
Ingredient Bread : 0 25 50 75 100 25 50 75 100 0 
Diet Number l 2 3 4 5 6 7 8 9 11 
Diet iron, mg/kgc 28.1 30.0 29.3 31.5 31.0 28.9 28.3 29.1 30.7 34.4 
Diet intake, g 81 79 82 81 80 83 85 81 80 81 
Iron intake, mg 2.27 2.28 2.39 2. 63 2.48 2. 41 2.40 2.34 2.45 2.78 
Liver iron, ug 153 153 154 147 145 158 155 146 145 189 
Feces weight, g 6.58 5.76 5.51 5.49 5. 49 7.0 7.2 7.8 8.36 5.05 
Feces iron, mg 0. 77 0.813 0.85 0.924 0.974 0.839 0.802 0.822 0.930 0.758 
Apparent iron 
absorption, % 66 66 64 65 60 64 66 65 62 73 
Dry matter 
agsorption, % 91.9 92.7 93.3 93.4 93.1 91.6 91.5 90.2 89.5 93.8 
HRE , % 58 52 51 56 42 56 57 55 54 64 











~Percent of dietary iron supplied as beef and bread. Eight rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability. NS means not significantly different. 
~Determined by analysis. 




and this value is slightly higher than that of Jansuittivechakul et 
al. (1985, 1986); Buchowski, Thannoun, Mahoney and Hendricks 
(unpublished data) and similar to that of Zhang, Hendricks, and 
Mahoney (unpublished data). These liver iron values were 
considerably less than observed for the healthy rats (Table 6). 
The apparent iron absorption for anemic rats fed ferrous 
sulfate diet (diet ll) was 73% (Table 5). This value is lower than 
that of Buchowski, Thannoun, Mahoney and Hendricks (unpublished 
data) (86%) and Jansuittivehcakul et al. (1985) (88%) but similar to 
that of Zhang, Hendricks and Mahoney (unpublished data). The 
apparent iron absorption of 100% meat diet (diet l) was 66%. This 
value is comparable to that of Buchowski, Thannoun, Mahoney and 
Hendricks (unpublished data) and higher than that of 
Jansuittivechakul et al. (1985) and Mahoney et al. (1985) . The 
apparent iron absorption for the respective meat:EWB mixtures were 
66%, 64%, 65%, and 60% (diet 2-5). The respective values for the 
meat:WWB mixtures were 64%, 66%, 65%, and 62% (diet 6-9). For both 
breads there was no significant differences among any of the 
treatments. Anemic rats absorbed more iron from Feso4 diet (73%) 
than meat diet (66%), EWB diet (60%) and WWB diet (62%). These 
observations are consistent with those of Farmer et al. (1977) that 
Feso4 was more efficiently utilized by rats than other meat based 
diets. 
The ratio between HRE to apparent iron absorption was high for 
100% meat diet (diet l, 88%) and WWB (diet 9, 85%) compared with EWB 
diet (diet 5, 70%). It has been estimated that the anemic organism 
Table 6. Iron and dry matter absorption of diets containing mixtures of beef and enriched 
white or whole wheat bread fed to growing healthy rats 
I ron Source a 
LSDb Enricnea ~hite Bread ~no1e ~heat Bread FeS04 Beef: 100 75 50 25 0 75 50 25 0 0 57T 
Ingredient Bread: 0 25 50 75 100 25 50 75 100 0 
Diet Number 1 ' 2 3 4 5 6 7 8 9 11 
Diet iron, mg/kgc 28.1 30.0 29.3 31.5 31 28.9 28.3 29.1 30.7 34.4 
Diet intake, g 84 88 85 81 .88 87 85 86 87 87 NS 
Iron intake, mg 2.42 2.64 2.49 2.42 2.73 2.52 2.41 2.49 2.65 2.97 NS 
Liver iron, ug 186 195 180 199 180 187 190 191 185 201 NS 
Feces weight, g 7.2 7.3 6.46 6.44 6.15 8.09 8.9 8.97 10.6 7.16 1.8/2.5 
Feces iron, mg 1.03 1.18 1.09 1.10 1.24 1.06 1.06 1.11 1. 21 0.95 NS 
Apparent iron 
absorption, % 57 55 56 55 55 58 56 56 54 65 NS 
Dry matter 
assorption, % 91.3 91.6 92.4 91.9 93.0 90.8 89.6 89.5 87.8 91.9 1.4/1.9 
HRE , % 55 49 54 51 52 51 56 49 52 46 0.48/0.64 
HRE/App. absorption 97 89 96 93 95 88 102 91 94 91 
~Percent of dietary iron supplied as beef and bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability . NS means not significantly different. 
~Determined by analysis. 




incorporates about 80% of the absorbed iron into hemoglobin (Haurani 
and Tocantins, 1961; Noyes et al., 1964). 
Dry matter absorption for the FeS04 diet was (93.8%), and 
higher than that of 100% meat diet (91 .9%). Dry matter absorption 
for EWB diet was higher (93.1 %) than for the WWB diet (89.5). 
Percentage DMA increased with the percent of iron from EWB in the 
mixtures and decreased with the percent of iron from WWB in the 
mixtures. This may be due to the bran in the WWB. 
Iron and DMA data for the healthy rats are presented in Table 
6. All groups consumed between 2.42 and 2.97 mg iron for the 
seven-day iron balance experiment. The total liver iron for all 
groups varied between 180 and 201 micrograms with no statistically 
significant differences among the groups. The liver from the 
healthy rats (Table 6) contained more iron than that of anemic rats 
(Table 5). It is suggested that relatively more iron was stored by 
healthy rats rather than was used for hemoglobin synthesis compared 
with the anemic animals. 
The apparent iron absorption of healthy rats for ferrous 
sulfate diet (diet 11) was 65% compared with 73% for anemic rats 
(Table 5 and 6). For 100% meat diet, the apparent iron absorption 
was 55% in healthy rats compared with 66% in anemic rats. However 
the ratio between HRE and apparent iron absorption for healthy rats 
was more than that of anemic rats. More of the absorbed iron was 
incorporated into hemoglobin by healthy rats than anemic ones. Thus 
healthy rats utilized a higher percentage of their absorbed iron for 
hemoglobin synthesis rather than utilizing it in other parts of the 
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body as anemic rats apparently do. It was also found from these 
comparisons (Table 5 and 6) that although anemic rats absorbed more 
iron than healthy rats, type of bread did not affect percent iron 
absorbed. 
The percent DMA for 100% meat diet was 91.3% and this value was 
similar to that for ferrous sulfate (91.9%). DMA increased with the 
ratio of iron from EWB in the mixtures and decreased with the ratio 
of iron from WWB in the mixtures. It was found that dry matter 
absorption from EWB diet was greater than that from WWB diet. This 
may be also due to more wheat bran content of WWB than EWB. It was 
also found that iron status did not affect dry matter absorption 
from meat, bread or meat:bread mixtures. 
The iron bioavailability of bread and meat mixture was not 
enhanced over what would be expected from either bread or meat alone 
(Fig 1 and Fig 2). The one elevated HRE value for anemic rats 
observed with the 25% meat:75% EWB diet (Fig l) appears to be 
spurious since no similar value was observed with the meat:WWB 
treated rats. However, studies in rats of soy/meat combinations 
showed some improvement in total dietary iron bioavailability over 
than of just the .ingredients (Shah et al ., 1983). Ranger and Neale 
(1984) also found with rats that the total dietary iron in soy/meat 
combinations was more available than predicted from the available 
iron in meat or soy alone. Zhang, Hendricks and Mahoney 
(unpublished data) have also observed this phenomenon. However, 
meat did not enhance iron bioavailabilities of meat/ferrous sulphate 
and meat/hemoglobin mixtures (Jansuittivechakul et al ., 1986); 
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meat/spinach mixtures (Zhang, Hendricks and Mahoney, unpublished 
data), meat loaves (see part II of this dissertation) or meat/bread _ 
mixtures (this study). Meat does not appear to be necessary for 
good total iron bioavailability in bread:meat mixture although it 
may enhance total dietary iron bioavailability in meat:soy mixtures. 
The iron bioavailability of whole wheat bread was very close to meat 
in this study. 
PART II 
EFFECT OF MEAT:FLOUR AND MEAT:BREAD MIXTURES 
ON IRON BIOAVAILABILITY OF MEAT LOAVES 




The value of food as a source of iron depends upon the amount 
of iron occurring in a form which the body can assimilate and 
utilize. Wheat is milled into flour, and the amount of iron in the 
flour is determined by the extraction rate used in milling, in which 
the higher the extraction rate the lower the iron content. 
Generally, minerals in wheat are associated with the bran. For this 
reason, whole wheat flour contains more iron than unfortified white 
flour (Myers et al., 1935). The cereal fortification program was 
helpful in eliminating gross iron deficiency. Therefore, iron in 
white bread comes from flour that has been enriched with iron and 
other baking ingredients that contain iron such as yeast. Since 
fermentation and baking are biochemical and heat processes, one can 
expect changes to occur in iron chemistry and bioavailability in the 
diet. 
Food processing alters iron bioavailability (Lee and 
Clydesdale, 1979). Iron used in foods may not be in the original 
form after storage or processing (Lee and Clydesdale, 1980a). In an 
early study, Street (1943) indicated that iron in sodium iron 
pyrophosphate was ·less than 50% as available as that of ferrous 
sulfate or ferric sulfate, whether the iron was given as such or 
baked into bread. More recently, Theuer et al. (1971) found that 
sterilization increased the relative iron availability of ferric 
pyrophosphate for rats from 39 to 93, and of sodium iron 
pyrophosphate from 15 to 66 in soy isolate infant formula. Similar 
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observations were found by Theuer et al. (1973) in milk-based infant 
formulas. They found that sterilization increased the relative iron 
ava i lability of ferric pyrophosphate from 75 to 125, and of sodium 
iron pyrophosphate from 40 to 60. Using chicks, Wood et al. (1979) 
reported that heat and pressure processing increased the relative 
biological values of ferrous sulfate 100% to 106%, sodium ferric 
pyrophosphate 14% to 66%, ferric orthophosphate -10% to 11 %, and 
ferric pyrophosphate 7% to 90% in corn meal diets. 
However, ferrous sulfate labeled with Fe59 baked into bread was 
absorbed less well than when the free salt was given alone to 
fasting humans (Steinkamp et al. 1955) . Disler et al. (1975) found 
that iron bioavailability to humans from maize porridge was several 
fold greater if the porridge was fortified with FeP04 before rather 
than after cooking. Whereas, Coccodrilli et al. (1976) found that 
commercial cereal processing procedures had no effect upon the 
relative biological values of reduced iron or ferric orthophosphate 
added to bran-based dry cereal products. Cook et al. (1973) 
reported that bioavailability of iron to humans was decreased for 
sodium iron pyrophosphate and ferric orthophosphate when baked into 
bread. 
Leichter and Joslyn (1967) reported that iron in various breads 
was mostly in the ferric state, although the original form of iron 
was not known. Using chemical method, they found that the available 
iron in flour and in dough was approximately 80% of the total iron, 
which is approximately 20% lower than the available iron value in 
bread. Ranhotra et al. (1981) found that baking of dough had 
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variable effects on iron bioavailability in several Iranian flat 
breads. Lee and Clydesdale {1980b) found that baking generated 
large amounts of insoluble iron, independent of the iron supplement 
added. These insoluble iron forms are known to be of inferior 
bioavailability. However, Verma et al. (1977) found that baking did 
not alter the availability of reduced iron powders in flour to rats. 
Schricker and Miller (1982) reported that baking did not alter iron 
availability in vitro of several forms of fortification iron. 
Camire and Clydesdale (1981) found that toasting had no effect 
on meat binding by cellulose, but had a significant effect on the 
binding of metals by lignin and wheat bran. However, boiling for 
one hour s i gnificantly increased the binding of metals by cellulose, 
lignin and wheat bran. Camire and Clydesdale (1982) also found that 
boiling for one hour had no effect on the destruction of phytic acid 
in wheat bran, whereas toasting for one hour at 178 C and boiling 
for one hour in 1 N HCl significantly reduced it. 
In an early study, Oldham (1941) showed that heat renders the 
iron of beef muscle as available for hemoglobin synthesis as the 
iron of an inorganic iron salt (ferric chloride). Igene et al. 
(1979) showed that treatment with hydrogen peroxide or heat released 
a significant amounts of nonheme iron from meat extract pigments. 
Similarly, Schricker et al . . (1982) showed that heating meat and red 
blood cells in a boiling water bath increased the amount of nonheme 
iron in these preparations. They suggested that these increases in 
nonheme iron may be due to oxidative cleavage of the porphyrin ring. 
Jansuittivechakul et al. (1985) found that heat treatments increased 
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the efficiency of incorporation of Hb but not meat iron into 
hemoglobin (hemoglobin regeneration efficiency, HRE) by anemic rats. 
Jansuittivechakul et al. (1986) found that heat increased HRE of 
meat/hemoglobin mixtures and of hemoglobin, but heat did not affect 
the HRE of meat or meat/ferrous sulfate mixtures. 
Rizk and Clydesdale (1985) found that frying of a soy-hamburger 
patty caused marked reduction in percent soluble iron at simulated 
intestinal pH values (5.7-6.0). Recently, Mahoney (1986) reported 
that heat reduces the heme iron and increases the nonheme iron in 
meat. He also reported that none of the major cooking methods such 
as boiling and baking had reduced the bioavailability of meat iron 
fed to anemic rats. However, Martinez-Torres et al. (1986) found 
that iron absorption of healthy human subjects from heme in beef 
(extrinsically labeled hemoglobin) exposed to prolonged heating was 
markedly reduced, following the degree of denaturation of the 
hemoglobin. 
The objectives of this study were to determine the HRE, iron 
absorption and total body iron gain of anemic and healthy rats fed 
diets containing meat loaf prepared with whole wheat flour (WWF) or 
whole wheat brea~ (WWB). 
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MATERIALS AND METHODS 
Food: 
WWF and yeast were purchased from a local market. Meat (beef) 
was purchased from the Meat Laboratory of the Nutrition and Food 
Sciences Department. 
Baking Procedures of Bread and Loaf: 
Bread: Three hundred fifty grams whole wheat flour was mixed with 
10 grams yeast, and kneaded by hand in a stainless steel vessel 
using about 125 ml warm deionized water until a uniform dough was 
obtained. The dough was fermented at 30-37 C for 60 min or was 
almost three times its original volume. The dough was baked in an 
oven (350-400°C for 25 min) using a metallic pan lined with aluminum 
foi 1. 
One batch of the bread was freeze-dried and ground in a blender 
to prepare a flour-like product. Other batches were ground fresh to 
prepare the meat loaf in the second step. 
Meat Loaf: Two kinds of meat loaves were made; meat:flour and 
meat:bread loaf. Mixtures were prepared in which the ratio of meat 
iron to whole wheat flour or whole wheat bread iron were 100:0, 
67:33, 33:67, or 0:100. Meat loaves were made by mixing the meat 
with f lour or bread, kneaded and baked at 350-400°C for 25 min. 
One batch of meat was cooked in the oven at 350-400°C for 25 
min (it was spread out in a glass pan with depth similar to the 
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loaves). Cooked meat, bread, and loaves were freeze-dried and 
ground in a blender to prepare a flour-like product to be 
incorporated into test diets. The composition of these products is 
presented in Table 7. 
Diet Preparation: 
Freeze-dried meat, bread and, loaf; flour; and Feso4 were 
incorporated into diets (Table 8) to provide appoximately 30 ppm 
iron. The experimental diets were formulated to provide iron in the 
following ratio: 
Diet #1. 100% cooked meat iron 
2. 67% fresh meat iron + 33% flour iron (loaf) 
3. 33% fresh meat iron + 67% flour iron (loaf) 
4. 1 00% f lour iron 
5. 67% fresh meat iron + 33% bread iron ( 1 oaf) 
6. 33% fresh meat iron + 67% bread iron ( 1 oaf) 
7. 100% bread iron 
8. Basal 
9. F_eso4 
The diets were supplemented with vitamins, minerals, NaH2Po4 
and Caco3 to provide adequate amounts of all nutrients (NAS/NRC, 
1978); iron was the nutritionally limiting factor. The composition 
of the vitamin and mineral mixtures were given in part A of this 
dissertation. Basal and Feso4 diets were also prepared. The basal 
diet had 11.7 ppm iron, and the FeS04 diet was the basal diet 
supplemented with Feso4 to provide 34.95 ppm dietary iron. Fat and 
Table 7. Composition of the foods 
--- -------- · -
Minera1s, mg7kg 
Food Protein, % Fat, % Moisture, % Iron Calcium Phosphorus 
Fresh meat (beef) 19.5 11.2 67.3 25.1 57.2 1723 
Whole wheat flour 14.5 2.1 12.2 46.2 272 2705 
Bread (fresh)b 8.9 1.5 38.6 24.8 181 2069 
Lypholyzed foods: 
Cooked meat 64 26.5 2.16 72.7 174 5297 
67% meat:33% flour, loafc 43.7 14.9 2.84 70.5 257 3977 
33% meat:67 % flour, loaf~f 38 7.9 3.27 62.4 289 3875 
67% meat:33% bread, loafrf 39.6 12.6 2.52 74.6 234 3942 
33% meat:67% bread, loaf~ 27 6.2 2.18 65.9 265 3701 
Bread 19.4 0.95 1.5 53.9 276 2708 
aPercent nitrogen x 6.25 (meat) or 5.7 (cereal). 
b . 
Bread made from whole wheat flour. 
cThe flour and bread were prepared into meat loaves. See text for description of these. 
(J) 
1.0 
Table 8. Diets composit i on, g/ kga 
Iron Sourceb 
Whole Wheat Flour WnolevJfieat Bread t3asal FeBU4 Beef: 100 67 33 0 67 33 0 0 
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102.4 145.0 144.9 127.6 172.1 188.9 322.9 
47.8 71.7 95.9 58.7 81.2 104.2 109.6 
11.53 13.63 12.78 13.20 13.86 13 . 48 13.40 20.00 











aThe diets contained the following (g/kg): mineral mixture 12; vitamin mixture 20; cellulose 50 and 
bdextrose to make 1 kg total diet. 
Percent of dietary iron supplied as beef and flour or bread. 
~The flour and bread were prepared into meat loaves. See text for description of these. 




protein were balanced in the diet to 11 and 26% using corn oil and 
casein. These percentages of fat and protein were similar to that 
of the 100% meat iron diet which contained no corn oil or casein. 
The dry meat powder contained 27% fat and 64% protein. 
Animal and Analytical procedures are described in part I of 
this dissertation. 
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RESULTS AND DISCUSSION 
Fresh meat, whole wheat flour, and bread made from whole wheat 
flour used to prepare meat loaves were analyzed for moisture, 
protein, fat, iron, calcium and phosphorus (Table 7). The iron 
content of the fresh meat, whole wheat flour, and bread were 25.1, 
46.2 and 24.8 mg/kg. All the values are comparable to that 
published by Watt and Merrill (1967) and similar to that reported by 
The Committee on Medical and Biologic Effects of Environmental 
Pollutants (1979). The iron content of lypholized food used to 
prepare diets were 72.7, 70.5, 62.4, 74.6, 65.9 and 53.9 mg/kg for 
cooked meat, 67% meat:33% flour loaf, 33% meat:67% flour loaf, 67% 
meat:33% brad loaf, 33% meat:67% bread, and bread, respectively. 
Al l of the foods are good sources for protein, iron, calcium and 
phosphorus. 
rematinic Responses for Anemic Rats: 
The hematinic responses of the anemic rats are presented in 
Table 9. All the diets contained between 25.0 and 33.9 ppm iron and 
the basal diet (diet 8) contained the least (11.7 ppm iron). All 
the animals grew well and the body weight gain varied between 44 and 
: 5 g. Hemoglobin concentration increased in all the treatments 
except for basal diet, in which it decreased slightly by -0.1 g/dl. 
These observations are similar to what was found in part I of this 
cissertation. HRE for the ferrous sulfate diet (diet 9) was 63%. 
This value is similar to what had previously observed in this 
laboratory (Mahoney and Hendricks, 1982; Park et al. 1983a and 
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1983b; Buchowski, Thannoun, Mahoney and Hendricks (unpublished data) 
and similar to that of Cowan et al. (1967) but lower than that of 
Zhang et al. 1985 and Zhang, Hendricks, and Mahoney (unpublished 
data). HRE for the basal diet (diet 8) was 54%. This value is 
higher than what we observed in part I of this dissertation and 
almost similar to that of Buchowski, Thannoun, Mahoney, and 
Hendricks (unpublished data) and slightly lower than that of Zhang 
et a 1. ( 1985). 
The responses of anemic rats to variations in the ratio of meat 
to whole wheat flour or bread loaves are shown in Table 9. HRE for 
animals fed 100% cooked meat (diet 1) was 39l (59% of FeS04). This 
value is similar to that of Jansuittivechakul et al. (1985) and 
slightly higher than that of Mahoney et al. (1974) and slightly 
higher than values calculated from the published data of Rotruck and 
Luhrsen (1979). HRE for whole wheat flour (diet 4) was relatively 
high 58% (92% of FeS04). This value is similar to values calculated 
from data of Cowan et al. (1967), and higher than that of Mahoney et 
al. (1978). However, baking the whole wheat flour to bread (diet 
7), the HRE was increased to 69% (109% relative to FeS04). The 
result was similar but not as pronounced when whole wheat flour loaf 
(diet 3) was substituted by bread (diet 6). HRE increased from 52% 
to 58%. This value is similar to that calculated from published 
data of Ranhotra et al. (1971). They found that baking increased 
iron availability. Leichter and Joslyn (1967) found that iron 
availability in flour and dough were 20% lower than the available 
iron value in bread. They suggested that this increase of available 
Table 9. Iron bioavailability of meat loaf mixtures containing beef and whole wheat flour or 
whole wheat bread fed to growing anemic rats 
Beef: 
Item Flour or Bread: 
Diet Number 
Diet iron, mg/kgc 






Hemoglobin iron, mg 
Iron intake, mg 
HREd, % 
Relative Efficiency 
a Iron Source 
Whole Wheat Flour Whole Wheat Bread Basal FeS04 nmr 67 33 o 67 33 o o o 
LSDb 
5/1 
0 33 67 100 33 67 100 0 0 
2 3 4 5 6 7 8 











6.4 6.34 6.37 6.35 6.31 







6.43 6.43 6.38 
2.75 3.02 -0.10 
1.07 1.33 1.31 1.69 1.27 1.63 1.7 0. 61 































~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability. NS means not significantly different. 
~Determined by analysis. 




iron in bread may be due to denaturation of iron binding proteins or 
due to breakdown of phytic acid during fermentation and baking 
processes. However, iron sources (fortified iron), when added to 
flour and baked as biscuits or bread, produces insoluble forms of 
iron when baked, even when a highly soluble form of iron such as 
ferrous sulfate was used for fortification (Lee and Clydesdale, 
l980b). Further, the addition of ascorbic acid to soya biscuits and 
to bread made no difference on iron absorption due to the fact that 
ascorbic acid was destroyed during the baking process (Sayers et 
al., 1973). 
HRE for meat loaf diets (flour or bread) (diets 2, 3, 5, and 6) 
were 55%, 52%, 50%, and 58% (87%, 83%, 79% and 92% relative to 
FeS04). These values are higher compared with 100% cooked meat 
(diet 1) and lower than that of whole wheat flour or bread. 
Hematinic Responses for Healthy Rats: 
The hematinic responses to the same diets for healthy rats are 
presented in Table 10. All animals grew well (50 to 57 g body 
weight gain) with lower gain in hemoglobin concentration (-0.29 to 
0.63 g/dl) than was observed with the anemic rats. Although their 
body weights were increased by 50 g, the hemoglobin concentration of 
animals fed the basal diet decreased by -0.29 g/dl. HRE for the 
basal diet (diet 8) was 93% (245% relative to FeS04). This value is 
high compared with other treatments, and similar to what we found in 
part I of this dissertation. HRE for the ferrous sulfate diet (diet 
9) was 38%. This value is slightly lower than what is observed (43%) 
Table 10. Iron bioavailability of meat loaf mixtures containing beef and whole wheat flour or 
whole wheat bread fed to growing healthy rats 
a Iron Source h 
Whole Wheat FTo-ur _____ 11hole WheafBread 
Beef: 100 67 33 0 67 33 0 
Basal FeS04 LS~u 
0 0 5/l 
Item Flour or Bread: 0 33 67 100 33 67 100 0 0 
Diet Number 
Diet iron, mg/kgc 






Hemoglobin iron, mg 
2 3 4 5 6 7 





















10.56 10.55 10.52 10.50 10.54 10.59 10.61 10.64 10.49 
0.63 0.48 0.30 0.48 0.21 0.21 0.03 -0.29 0.33 






I ron intake, mg 
HREd 
3.22 2.44 2.61 3.0 2. 71 
53 
139 
2.88 2.67 1.20 3.30 0.18/0.24 
45 55 













~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or l percent levels of probability. NS means not significantly different. 
~Determined by analysis. 




for healthy animals in part I of this dissertation. HRE of healthy 
rats for 100% cooked meat diet was 45% (118% relative to FeS04) 
compared with 39% for anemic rats. This indicates that at this 
level of hemoglobin concentration, healthy rats have the ability to 
build hemoglobin better than anemic rats do from 100% cooked meat 
diet. HRE for WWF loaf (diet 4) was 49% and this value is similar 
to that for WWB loaf (diet 7). At the iron dose given, HRE 1 s for 
healthy rats were similar for both whole wheat flour or bread 
loaves. HRE•s for anemic rats were higher than that of healthy 
rats. 
Absorption: 
Iron and dry matter absorption (DMA) data for anemic rats are 
presented in Table 11. All the groups consumed between 2.1 and 2.95 
mg iron for the seven-day of iron balance experiment. Rats fed 
ferrous sulfate (diet 9) consumed the most iron (2.95 mg). Total 
liver iron for the diets varied between 132 to 191 micrograms. Rats 
fed ferrous sulfate diet had the highest liver iron value (191 
micrograms) compared with 132, 177, and 184 micrograms for 100% 
cooked meat (diet 1), whole wheat flour (diet 4) and whole wheat 
bread (diet 7), respectively. This value for ferrous sulfate diet 
is similar to what is described in part I of this dissertation and 
lower than that of Jansuittivechakul et al. (1985 and 1986), Mahoney 
and Hendricks (1976), somewhat higher than that of Park et al. 
(1983a) and higher than that of Buchowski, Thannoun, Mahoney, and 
Hendricks (unpublished data). The total liver iron for the 100% 
Table ll . Iron and dry matter absorption of meat loaf mixtures containing beef and whole 
wheat flour or whole wheat bread fed to growing anemic rats 
Iron Sourcea 
Whole- Whea-f n o-l.J r---- --------wnoTe---whea ~reacr--TeSU 
Beef: TOO 67 33 0 67 33 0 ~ 
Item Flour or Bread: 0 33 67 100 33 67 100 0 
Diet Number l 2 3 4 5 6 7 9 
Diet iron, mg/kgc 32.5 25.0 26.0 29.3 26.6 28.6 26 .l 33.9 
Diet intake, g 75 83.9 83.4 87.0 81.6 84 . 4 83.0 87 
Iron intake, mg 2.44 2. l 2.16 2.55 2.17 2. 41 2.17 2.95 
Liver iron, g 132 151 167 177 154 169 184 191 
Feces weight, g 7.67 8. 72 9.96 13.33 8.43 9.68 11.0 7.62 
Feces iron, mg 0.84 0.66 0.68 0.76 0.66 0.70 0.56 0.55 
Apparent iron absorption, % 65 68 69 70 69 . 71 74 81 
Dry matter absorption, % 89.8 89.6 88 84.7 89.7 88.6 86.7 91.2 
d HRE , % 39 55 52 58 50 58 69 63 











~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be 
statistically significant at the 5 or l percent levels of probability. NS means not significantly 
different. 
~Determined by analysis. 




cooked meat (diet 1) was 132 micrograms. This value is similar to 
what Jansuittivechakul et al. (1986) found for autoclaved meat and 
slightly lower than that for baked meat (Jansuittivechakul et al., 
1985). In both whole wheat flour (diet 4) and whole wheat bread 
diet (diet 7), the total liver iron increased with ratio of iron 
from flour or bread in the mixtures. 
The apparent absorption for anemic rats fed ferrous sulfate 
(diet 9) was 81 % (Table 11). This value is a little higher than was 
described in part I of this dissertation, and similar to that of 
Zhang, Hendricks, and Mahoney (unpublished data) but lower than that 
of Jansuittivechakul et al. (1985) and Buchowski, Thannoun, Mahoney, 
and Hendricks (unpublished data). The apparent iron absorption from 
the 100% cooked meat (diet 1) was 65%. This value is similar to 
that of Jansuittivechakul et al. (1985) for boiled and baked meat, 
and little higher than that for autoclaved meat. In both meat:flour 
loaf diets and meat:bread loaf diets, the apparent iron absorption 
increased with the ratio of iron from flour (r = 0.95) or bread (r = 
0.99) in the loaves. Anemic rats absorbed more iron from ferrous 
sulfate (diet 9) (81 %) than 100% cooked meat (diet 1) (65%), whole 
wheat flour (diet 4) (70%), and whole wheat bread (diet 7) (74%). 
Anemic rats absorbed more iron from the whole wheat bread diet than 
from the whole wheat flour diet. 
The ratio between HRE and apparent iron absorption for anemic 
rats (Table 11) was 78% as the average of all the treatments. This 
ratio is consistent with the 80% incorporation of transferrin-bound 
iron iron into hemoglobin reported by Noyes et al. (1964) for the 
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rabbit. However, the ratio for 100% cooked meat (diet 1) was 60% 
compared with 83% for whole wheat flour (diet 4) and 93% for whole 
wheat bread (diet 7). 
Dry matter absorption (DMA) for anemic rats fed ferrous sulfate 
(diet 9) was 91.2% compared with 89.8% for 100% cooked meat diet, 
84.7% for whole wheat flour diet, and 86.7% for whole wheat bread 
diet. These observations are similar to what is described in part I 
of this dissertation. For both meat:whole wheat flour or bread loaf 
diets, DMA decreased with the ratio of iron from flour or bread in 
the loaves. This observation confirmed the observation described in 
part I of this dissertation. This is due to presence of bran in the 
whole wheat flour and bread. 
Iron and DMA data for the healthy rats fed the same diets are 
presented in Table 12. All the groups consumed between 2.12 and 
2.87 mg iron for the seven-day iron balance experiment. The total 
liver iron varied between 163 and 201 micrograms with no significant 
differences among the treatments. Healthy rats had more iron in 
their livers (Table 12) than the anemic ones had. This observation 
is similar to that described in part I of this dissertation, that 
relatively more iron was stored by healthy rats rather than was used 
for hemoglobin synthesis compared with anemic animals. 
The apparent iron ab~orption of healthy rats fed ferrous 
sulfate (diet 9) was 60% compared with 81 % for anemic rats (Table 11 
and 12). This value for healthy rats is slightly lower than 
described (65%) in part I of this dissertation. For 100% cooked 
meat (diet 1), the apparent iron absorption was 59% in healthy rats 
Table 12. Iron and dry matter absorption of meat loaf mixtures containing beef and whole 
wheat flour or whole wheat bread fed to growing healthy rats 
Beef: 
Item Flour or Bread: 
Diet Number 
Diet iron, mg/kgc 
Diet intake, g 
Iron intake, mg 
Liver iron, g 
Feces weight, g 
Feces iron, mg 
Apparent iron absorption, % 
Dry matter absorption, % 
HREd,% 
HRE/App. iron absorption 
I ron Source 
Whole Wheat Flour ~nole Wheat Bread Fe504 
67 33 () 1 oo 67 - 3T _____ o 
0 33 67 100 33 67 100 0 
2 3 4 5 6 7 9 
32.5 25.0 26.0 29.3 26.6 28.6 26.1 33.9 




2.75 2.12 2.24 2.56 2.31 2.48 2.29 2.87 0.17/0.22 
163 185 184 199 180 174 200 201 NS 
8.35 8.77 9.91 12.42 8.53 10.31 12.09 7.75 1.4/1.9 
1.14 0.90 0.92 1.08 0.96 1.06 0.82 1.13 0.17/0.23 
59 58 59 58 58 57 64 60 
90.1 89.7 88.5 85.8 90.2 88.1 86.2 91.0 
45 55 52 49 53 45 49 38 




~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be 
statistically significant at the 5 or 1 percent levels of probability. NS means not significantly 
different. 
~Determined by analysis. 
Hemoglobin Regeneration Efficiency 
CX> 
82 
compared with 65% in anemic rats. For healthy rats, there was no 
significant differences in apparent iron absorption among the 
treatments. 
The ratio between HRE and apparent iron absorption for 100% 
cooked meat diet was 76 for healthy rats compared with 60% for 
anemic rats. However, the ratio between the HRE and apparent iron 
absorption for whole wheat flour and bread (diet 4 and 7) were 84% 
and 77 % compared with 83% and 93% for anemic rats. The overall 
HRE/apparent iron absorption ratio for healthy rats was slightly 
higher than that of anemic rats (82% vs 78%). Healthy rats utilized 
a higher percentage of their total iron absorption for hemoglobin 
synthesis rather than utilizing it in other parts of the body as 
anemic rats apparently do. It was found that anemic rats absorbed 
more total iron than healthy rats do. It was also found that more 
iron was absorbed from whole wheat bread than whole wheat flour in 
anemic and healthy rats. 
DMA absorption for 100% cooked meat (diet l) was 90.1 %. The 
value is similar to that described in part I of this dissertation 
for fresh meat diet. DMA for ferrous sulfate diet was 91.0% 
compared with 91.9% for ferrous sulfate diet in part I of this 
dissertation. DMA for whole wheat flour (diet 4) was 85.8% and 
similar to that of whole wheat bread (diet 7) (86.2%). It was found 
that DMA decreased with the ratio of iron from whole wheat flour or 
bread in the loaves. Furthermore, iron status also did not affect 
the DMA from cooked meat, whole wheat flour or bread in the loaves. 
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Total Body Iron Retention: 
The total body iron ret~ntion data of meat loaves for anemic 
rats are presented in Table 13. All the groups consumed between 
l .12 and 3.34 mg iron during the ten-day total iron retention 
experiment. Rats fed ferrous sulfate (diet 9) consumed the highest 
(3.34 mg iron) compared with l .12 mg for the rats fed basal diet 
(diet 8). One group of anemic rats was killed at the beginning of 
the experiment to determine the total body iron initially. This 
initial body iron for this group was 2.73 mg (3.23 ± 0.024 mg?lOO g 
BW). This value is a little higher than that of Zhang, Hendricks, 
and Mahoney (unpublished data) for this group~ 
The final total body iron for anemic animals varied between 
3.00 and 5.31 mg. Animals fed ferrous sulfate (diet 9) had the 
highest body iron content (5.31 mg) compared with 3.00 mg for basal 
diet. Animals fed the 100% cooked meat (diet l) had 3.70 mg total 
body iron compared with 3.69 mg and 3.78 mg for whole wheat flour 
(diet 4) and whole wheat bread (diet 7) respectively. 
The percent iron body gain for ferrous sulfate diet (diet 9) 
-was 76% compared with 16% for basal diet (diet 8). This value is 
higher for FeS04 ~iet than that of Zhang, Hendricks, and Mahoney 
(unpublished data) and Buchowski, Thannoun, Mahoney, and Hendricks 
(unpublished data). The percent total body iron gain for 100% 
cooked meat (diet 1) was 34% compared with 31% and 43% for whole 
wheat flour (diet 4) and whole wheat bread (diet 7) diets. It was 
found that anemic rats retained more iron from whole wheat bread 
(diet 7) than whole wheat flour (diet 4). Using the same .method for 
Table 13. Total iron retention from meat loaf mi xtures containing beef and whole wheat flour 
or whole wheat bread fed to growing anemic ra t s 
Iron Sourcea 
~hOT~at Flour Whole Wheat Bread Basal FeS04 Beef: 100 67 33 0 67 33 0 0 0 
LSDb 
57T 
Item Flour or Bread: 0 33 67 100 33 67 100 0 0 
Diet Number 
Diet iron, mg/kgc 
Iron intake, mg 
Initial body iron, mg 
Final body iron, mg 
Body iron gain, mg 
Body iron gain/iron intake, % 
Apparent iron absorption, % 
Dry matter absorption, % 
1 2 3 4 5 6 7 8 9 
32.5 25.0 26.0 29.3 26.6 28.6 26.1 ll. 7 33.9 
2.76 2.44 2.52 2.93 2.52 2.8 2.47 1.12 3.34 0.13/0.17 
2.75 2.96 2.72 2.78 2.66 2.79 2.73 2.82 2.77 
3.70 3.81 3.72 3.69 3.78 3.92 3.78 3.0 5.31 0.47/0.63 
0.95 0.85 1.00 0.91 1.12 1.13 1.05 0.18 2.54 0.68/0.9 
34 35 40 31 44 40 43 16 76 27/NS 
65 68 69 
89.8 89.6 88 
70 69 71 74 





~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability. 
cDetermined by analysis. co 
-+=:> 
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measuring the iron utilization, Bing (1972) reported that anemic 
rats utilized more iron (75%retention) from whole wheat bread 
compared with 53% and 70% retention from ferric chloride and rye 
bread over a 4-week period. Using the same method, Buchowski, 
Mahoney and Hendricks (unpublished data), found that anemic rats 
retained 39% iron from meat diet compared with 45% and 38% for 
ferrous sulfate and bran diet, respectively. Zhang, Hendricks and 
Mahoney (unpublished data) found that anemic rats retained 35% iron 
from meat diet compared with 39% and 51 % from soy protein diet and 
ferrous sulfate diet, respectively. 
It was found that apparent iron absorption for anemic rats 
increased with the ratio of iron from flour or bread while DMA 
decreased with this ratio (Figure 3 and 4). Comparing with total 
iron retention, it was also found that there was no correlation 
among these three items (absorption, retention and DMA) for the 
meat:whole wheat bread loaf diets. 
The total body iron retention data for healthy rats are 
presented in Table 14. All the groups consumed between 1.2 and 3.37 
mg iron for the ten-day total iron retention experiment. One group 
of healthy rats was killed at the beginning of the experiment to 
determine the total body iron initially. The initial body iron of 
this group was 4.31 mg (4.66 ± 0.01 mg/100 g BW). Animals fed 100% 
cooked meat (diet 1) consumed more iron (3.37 mg) than other groups. 
The total body iron in rats fed basal diet (diet 8) was decreased 
(-0.334 mg). The percent total iron gain for ferrous sulfate (diet 
9) was 26% compared with 16%, 19%, and 13% for cooked meat (diet 1), 
Table 14. Total i ron retention from meat loaf mixtures containing beef and whole wheat flour 
or whole wheat bread fed to growing healthy rats 
I ron Source a 
Whole Wheat Flour Whole Wheat Bread 
LSDb Basal FeS04 Beef: 100 67 33 0 67 33 0 0 0 m 
Item Flour or Bread: 0 33 67 100 33 67 100 0 0 
Diet Number 1 2 3 4 5 6 7 8 9 
Diet iron, mg/kgc 32.5 25.0 26.0 29.3 26.6 28.6 26 . 1 11.7 33.9 
Iron intake, mg 3.37 2.56 2.61 3.0 2.71 2.88 2.67 1.20 3.3 0.18/0.24 
Initial body iron, mg 4.40 4.39 4.41 4.35 4.43 4.48 4. 41 4. 31 4.27 
Final body iron, mg 5.03 4.85 5.12 4.93 4.70 5.03 4.76 3.98 5.14 0.63/NS 
Body iron gain, mg 0.54 0.46 0. 71 0.58 0.27 0.55 0.35 -0.334 0.867 0.5/0.65 
Body iron gain/iron intake, % 19 18 27 19 10 19 13 -- 26 NS 
Apparent iron absorption, % 59 58 59 58 58 57 64 -- 60 NS 
Dry matter absorption, % 90.1 89.7 88.5 85.8 90.2 88.1 86.2 -- 91.0 1.4/1.9 
~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be statistically 
significant at the 5 or l percent levels of probability. 
cDetermined by analysis. 
NS means not significantly different. 00 
0'1 
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whole wheat flour (diet 4), and whole wheat bread (diet 7), 
respectively. These values are less than that of Zhang, Hendricks, 
and Mahoney (unpublished data). Using this method, Bing (1972) 
reported that normal rats retained 42%, 32%, 42%, and 46% of the 
total iron from whole wheat flour, beef muscle, beef liver, and 
ferric chloride, respectively. These observations showed that iron 
of whole wheat flour was well utilized by the growing normal rats 
and little better than the iron from beef muscle and similar to beef 
liver, but less than that of ferric chloride. 
In comparison retention values with those of apparent iron 
absorption and DMA, there was no correlation among these three items 
(absorption, retention and DMA) in both whole wheat flour loaves and 
whole wheat bread loaves diets among the healthy rats (Figure 3 and 
4). 
The curvatures of the responses to cooked meat to whole wheat 
flour and bread loaves were shown in Figures 3 and 4. The total 
iron bioavailability of meat and whole wheat flour or bread diets 
was again not enhanced as expected. Although meat seemed to enhance 
the bioavailability of iron in these mixtures (the curvatures of 
responses of HRE ~nd total iron retention of meat loaves were 
slightly above the theoretical line), these curvatures were not 
statistically significant. The one elevated HRE value in both 
anemic and healthy rats observed with 67% meat:33% whole wheat flour 
diet (figure 3) appears to be uncertain since no similar value was 
observed with the meat:whole wheat bread treated animals (figure 3 
and 4) as both flour and bread had similar apparent iron 
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absorption and DMA responses. A similar observation was noticed in 
total iron retention respons~s (figure 3 and 4). These data 
confirmed what was suggested in part I of this dissertation, that 
meat probably is not necessary for good total iron bioavailability 
in meat:bread mixtures although it may enhance meat:soy protein 
mixtures (Shah et al. 1983; Ranger and Neale, 1979) since the iron 
bioavailability of whole wheat flour diet and whole wheat bread diet 
was higher than that of cooked meat. 
PART III 
EFFECT OF MEAT:FLOUR AND MEAT:BREAD MIXTURES ON 
IRON 59 ABSORPTION AND RETENTION FROM MEAT 




Since their discovery, radioactive methods have been used to 
define and study the various factors affecting absorption and 
bioavailability of iron from foods. The absorption of iron is 
assessed by observing the degree of retention of radioactive iron 
af ter ingesting the labeled tracer. The use of foods labeled 
biologically (intrinsic) with radioisotope or labeled by adding 
radioisotope to the diet (extrinsic) as techniques for measuring 
element absorption has been done for many years (Cook et al., 1972; 
Layrisse et al., 1973; Monson, 1974). Intrinsic tagging, growing a 
food to incorporate a radioiron label, has become less common as 
extrinsic tagging increases in application (Consaul and Lee, 1983; 
O'Dell, 1984). The extrinsic technique has been used to measure 
iron absorption from both composite meals and from a whole diet 
(Consaul and Lee, 1983). The most commonly used isotopes in 
extrinsic tagging are Fe 55 and Fe 59 in the form of FeC1 3 or FeS04 
(Consaul and Lee, 1983; Johnson and Evans, 1978). 
Monson (1974) suggested that the extrinsic iron label enters 
the soluble nonheme iron pool and can serve to estimate the extent 
of i ron absorption from that pool; but, it cannot assess absorption 
of insoluble iron as iron phosphate, large particle iron, 
contaminated iron or heme iron. Amine et al. (1972) have also 
reported that the extrinsic tag technique cannot give an accurate 
measurement of iron absorption from a diet which contains insoluble 
iron. The extrinsic iron method, which can be used to assess 
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absorption of nonheme food iron, can also be used to assess the 
effects of non iron food additives on the bioavailability of food 
iron (Monson, 1974). Further, the use of the extrinsic label may 
not always be valid when the metal in question can exist in more 
than one oxidation state (Johnson and Evans, 1978). Cook et al. 
(1972) reported that the extrinsic tag provides a valid measure of 
absorption despite marked differences in the iron status of the 
subject, and with wide changes in absorption imposed by adding 
inhibitor (desferrioxamine) or enhancer (ascorbic acid) to the test 
meal. 
The extrinsic labeling technique is a suitable and safe method 
acceptable fo r use in human subjects as well as animals (Consaul and 
Lee, 1983). Additional facts on this method have been discussed in 
the general literature review section of this dissertation. The 
objective of this study was to determine the percentage absorption 
of extrinsic iron 59 from meat loaf incorporated into diets fed to 
anemic and healthy rats and to determine the absorption of heme i ron 
by indirect means. 
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MATERIALS AND METHODS 
Food, bread, loaf and diet preparation are given in part II of 
this dissertat i on. Animal and analytical procedures are given in 
part I of this dissertation. 
Extrinsic Labeling: 
To study the retention and absorption of iron59 , the rats were 
first trained to eat immediately on feeding by allowing diet only 
between 0800 and 1200 h daily for 7 days before the test period. On 
day of the test period (day 11 from arrival), the rats were fed 2 g 
diet . Thirty min later (timed + 2 min) they were gavaged with 2 uCi 
iron59 in 0.5 ml demineralized water and given the remaining 
allotment of the days diet. 
After 7 days (day 17 from arrival) of receiving the dose, body 
weight and hemoglobin concentration were determined. Feces and 
urine were collected in total and counted for iron59 . The animals 
were sacrificed by decapitation and their livers removed and counted 
for iron 59 content, then weighed and analyzed for total iron 
content. 0Qe half ml of blood was collected in duplicate and also 
coun t ed for iron59 content. 
The remaining body with the head was placed in a tared 500 ml 
(pint) canning jar, 25 ml of glacial acetic acid and about 125 ml 
deionized water were added. The jar was autoclaved, weighed, the 
contents were ground in a blender, and 4 to 5 g samples were weighed 
and counted for iron59 . The carcass was also analyzed for total 
iron content. Iron59 counting was done in a Hewlett-Packard well 
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gamma counter in the Department of Biology, Utah State University 
and using the radioisotope method of Monson (1974). 
Standard curves were prepared by taking 5 ml of the standard 
solution (original solution) containing 0.002, 0.010, 0.020, 0.040, 
0.080, 0.100, 0.200, 0.400 uCi for counting with the samples every 
counting time. 
Iron 59 absorption was determined by obtaining the sum of the 
radioactivity counted in blood, liver, and carcass minus feces 
divided by the total radioactivity counted 
% Fe 59 absorption = Total Count, uCi - Feces Count, uCi X 100 Total Count, uCi 
Specific activity as uCi per unit mass of hemoglobin, liver and 
total body iron was calculated. 
Heme iron was determined calorimetrically (Hornsey, 1956). 
Heme iron absorption was determined as the difference between 
total iron absorbed (determined from apparent iron absorption, part 
II of this dissertation) and nonheme iron absorbed (determined from 
iron 59 absorption). Heme iron absorption was calculated as the 
quotient of heme iron absorbed divided by heme iron intake expressed 
in percent (Table 17 and 18). 
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RESULTS AND DISCUSSION 
Iron 59 Retention and Absorption: 
Iron59 retention was measured in different ways namely: 
retention in the liver and total body, total absorption, and 
specific activity as uCi per unit mass of liver, total body and 
hemoglobin iron. 
Iron59 retention and absorption results are presented in Table 
15 for anemic rats. Starting the experiment, hemoglobin 
concentrations average from 6.31 to 6.50 g/dl for all groups and 
body weights averaged between 82 and 87 g. The test diets contained 
between 25.0 and 33.9 mg/kg iron. From the total iron 59 counted, 
h f . 
59 . h l . d b 5 32% d t e percentage o 1 ron 1 n t e 1 ver average etween . o an 
7.52%. However, rats fed 100% cooked meat (diet l) contained the 
highest (7.52%) compared with 5.32%, and 5.53% for WWF and WWB 
diets. The values decreased with the ratio of iron from whole wheat 
flour or bread in the loaves. The percent of iron59 retained in the 
liver by anemic rats fed ferrous sulfate was 6.68%. This value is a 
little less than that for cooked meat diet and higher than that of 
whole wheat flour and bread diets. These values are higher than 
that of Zhang, Hendricks, and Mahoney (unpublished data) for fresh 
meat and ferrous sulfate. 
The amount of iron59 retained in the body by the anemic rats 
fed 100% cooked meat (diet 1) was 82.7% of the total count. This 
value is a little higher than that of Zhang, Hendricks, Mahoney and 
Yu (unpublished data). The value for anemic rats fed whole wheat 
flour (diet 4) was 69.6% compared with 65.9% for whole wheat bread 
Table 15. Iron 59 absorption and retention from meat loaf mixtures containing beef and whole 
wheat flour or whole wheat bread fed to growing anemic rats 
Beef: 
Item Flour or Bread: 
Diet Number 
Diet iron, mg/kgc 
Initial body weight, g 
Initial hemoglobin, g/dl 
I 59 . 1 . % ron 1 n 1 ver, 
Iron59 in body, % 
Iron 59 absorption, % 
Specific activity, uCi/mg 
1 iver iron 
Specific activity, uCi/mg 
body iron 





Whole Wheat Flour Whole Wheat Bread FeS04 67 33 0 67 33 0 0 
33 67 100 33 67 100 0 
2 3 4 5 6 7 9 
32.5 25.0 26.0 . 29.3 26.6 28.6 26.1 33.9 
LSDb 
5/l 
85 87 84 86 82 86 83 86 NS 
6.4 6.34 6.37 6.35 6.31 6.43 6.43 6.5 NS 
7.52 6.54 6.02 5.32 5.87 5.33 5.53 6.68 1.1/1.5 
82.7 79.4 75.0 69.6 74.3 73.0 65.9 81.7 4.7/6.2 
90.2 85.6 81.0 75.5 80.1 78.8 71.1 87.6 5/7 
1.47 1.12 0.91 0.78 1.01 0.81 0.73 0.90 0.24/0.32 
0.57 0.52 0.52 0.50 0.52 0.49 0.44 0.39 NS 
58 42 39 29 38 30 25 23 4.1/5.5 
~Percent of dietary iron supplied as beef and flour or bread. Seven rat s per mean. 
Mean differences must equal or exceed the Least Significant Differences (LSD) values to be statistically 
significant at the 5 or 1 percent levels of probability. NS means not significantly different. 




(diet 7). For both flour and bread, the percent of iron59 retained 
in the body by anemic rats decreased with the ratio of iron from 
whole wheat flour and bread. Rats fed ferrous sulfate (diet 9) 
retained 81.7% iron 59 in the body. This value was similar to what 
the animals retained from the 100% cooked meat diet but higher than 
that retained from whole wheat flour and bread. 
Iron 59 absorption data by anemic rats for the same diet are 
presented in Table 15. Iron 59 absorption by anemic rats fed 100% 
cooked meat (diet 1) was 90.2% compared with 75.5% and 71.1% for 
whole wheat flour (diet 4) and whole wheat bread (diet 7). It was 
concluded that anemic rats absorbed more iron 59 from cooked meat 
diet than both whole wheat flour and bread diets. Also these values 
decreased with the ratio of iron from flour or bread in the meat 
loaves. Rats fed ferrous sulfate absorbed 87.6% of the total iron 
counted compared with 90.2% for cooked meat diet and this value was 
a little less than that of Zhang, Hendricks, and Mahoney 
(unpublished data) and in agreement with values of Buchowski, 
Thannoun, Mahoney, and Hendricks (unpublished data). 
Another parameter to measure or identify the absorption of 
iron 59 is the spe.cific activity as uCi per unit mass of iron in the 
liver, total body and hemoglobin (Table 15). Specific activity in 
liver varied between 0.73 and 1.47 uCi/mg iron. Rats fed the 100% 
cooked meat (diet 1) had the highest value (1 .47 uCi/mg) compared 
with 0.78 uCi/mg and 0.73 uCi/mg for whole wheat flour (diet 4) and 
whole wheat bread (diet 7), respectively. Rats fed ferrous sulfate 
(diet 9) had specific activity of 0.90 uCi/mg iron. The specific 
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activity of the total body iron varied between 0.39 uCi/mg and 0.57 
uCi/mg. The highest value (0.57 uCi/mg) was for the 100% cooked 
meat (diet l) and the lowest value (0.39 uCi/mg) was for ferrous 
sulfate (diet 9). However, these values are low compared with the 
specific activity in the liver for the same groups. This may be due 
to the liver being a storage site for iron. The specific activity 
of the hemoglobin iron was very high compared with the total body 
and liver because of the hemoglobin regeneration occurring in the 
anemic rats. Rats fed 100% cooked meat diet (diet l) had specific 
activity of 58 uCi/mg hemoglobin iron. This value was high compared 
with 29 uCi/mg, 25 uCi/mg, and 23 uCi/mg hemoglobin for whole wheat 
flour (diet 4), whole wheat bread (diet 7) and ferrous sulfate (diet 
9) respectively. For both meat flour or meat bread loaves, specific 
activity decreased with the ratio of iron from whole wheat flour or 
whole wheat bread in the loaves. 
After measuring the radioactivity in the two 0.5 ml blood 
samples, the percentage of iron 59 in the blood was determined by 
assuming that 6.7% of the body weight is blood. Currently, it 
resulted with higher values of retention in the blood (above 
normal), especially with anemic compared with healthy rats (124% vs 
84%, 106% vs 42%, 93% vs 44% or 108% vs 33% for cooked meat, WWF, 
WWB, and ferrous sulfate diets, respectively). Similar observations 
were found in the same laboratory in different studies (Zhang, 
Hendricks, and Mahoney, unpublished data; Thannoun, Mahoney, and 
Hendricks, unpublished data). Using the value of 6.7% to estimate 
blood volume probably overestimated the blood volume especially for 
100 
the anemic rats. This would result in overestimation of percentage 
f . 
59 . th bl d o 1 ron 1 n e oo . 
Iron 59 retention and absorption data for healthy rats fed the 
same diets are presented in Table 16. Starting the experiment, all 
the rats had hemoglobin concentrations averaging between 10.5 and 
10.61 g/dl and body weights averaging between 93 and 96 g. Rats fed 
100% cooked meat (diet l) retained 8.04% of iron 59 counted in the 
liver compared with 7.2% and 7.13%, 5.32% for whole wheat flour 
(diet 4), whole wheat bread (diet 7) and ferrous sulfate (diet 9) 
respectively. Healthy rats retained more iron59 in the liver than 
the anemic ones did from cooked meat and meat loaves. However, 
anemic rats fed ferrous sulfate diet retained more than the healthy 
t (T bl 15 d 16) Th . 59 t t" . th b d f ra s a e an . e 1ron re en 1on 1n e o y or 
healthy rats fed 100% cooked meat (diet l) was 70.5% compared with 
only 44.7%, 36.1 % and 34.6% for rats fed whole wheat flour (diet 4), 
whole wheat bread (diet 7), or ferrous sulfate (diet 9), 
respectively. Healthy rats retained less iron 59 in the body than 
anemic rats and this difference increased with the ratio of iron 
from flour or bread in the meat loaves. Anemic rats retained 81.7% 
iron 59 from ferrous sulfate (diet 9) in the body compared with 36.4% 
for healthy rats. 
Specific activity in the liver for healthy rats varied between 
0.72 and l .18 uCi/mg iron. Rats fed 100% cooked meat (diet 1) had 
the highest value (1.18 uCi/mg) compared with 0.91, l .05 and 0.72 
uCi / mg iron for whole wheat flour (diet 4), whole wheat bread (diet 
7) and ferrous sulfate (diet 9), respectively. Healthy rats had 
Table 16. Iron59 absorption and retention from meat loaf mixtures containing beef and whole 
wheat flour or whole wheat bread fed to growing healthy rats 
Iron Sourcea 
Whole-~fh-eat Flour Whole Wheat Bread Fe504 Beef: 100 67 33 0 67 33 0 
LSDb 
m 
Item Flour or Bread: 0 33 67 100 33 67 100 0 
Diet Number 
Diet iron, mg/kgc 
Initial body weight, g 
Initial hemoglobin, g/dl 
I 59 . 1 . % ron 1 n 1 ver, 
Iron 59 in body, % 
Iron 59 absorption, % 
Specific activity, uCi/mg 
liver iron 
Specific activity, uCi/mg 
body iron 
Specific activity, uCi/mg 
Hb iron 
2 3 4 5 6 l 
32.5 25.0 26.0 29.3 26.6 28.6 26.1 




10.56 10.55 10.52 10.5 10.54 10.59 10.61 10.49 
NS 
NS 
8.04 8.56 8.97 7.2 9.37 8.98 7.13 5.32 NS 
70.5 61.0 63.8 44.7 62.1 59 36.1 34.6 7.2/9.6 
74.9 64.2 67.2 46.8 65.6 61.9 41.9 36.4 9/12 
1.18 1.21 1.22 0.91 1.28 1.44 1.05 0.72 NS 
0.32 0.31 0.30 0.20 0.31 0.28 0.22 0.18 0.07/0.09 
27 25 25 14 26 24 17 15 4.2/5.5 
~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Differences (LSD) values to be 
statistically significant at the 5 or 1 percent levels of probability. NS means not significantly 
different. 
cDetermined by analysis. 
0 
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lower liver iron specific activity than anemic rats (Table 15 and 
16). The lowest specific activity was found in the body. All the 
healthy groups had specific activities between 0.18 and 0.32 uCi/mg 
body iron. Rats fed cooked meat had the highest value (0.32 uCi/mg) 
compared with 0.020, 0.22 and 0.18 uCi/mg for whole wheat flour 
(diet 4), whole wheat bread (diet 7), and ferrous sulfate (diet 9), 
respectively. Healthy rats also had lower body iron specific 
activity compared with anemic rats (Table 15 and 16). Specific 
activity as uCi/mg hemoglobin iron varied between 15 and 27. 
Healthy rats fed ferrous sulfate (diet 9) had specific activity of 
15 uCi/mg Hb iron compared with 23 for anemic rats . It was 
concluded that healthy rats had almost one-half the specific 
activity in the body and hemoglobin iron as the anemic ones had 
(Table 15 and 16). However, baking the flour into bread did not 
affect the specific activity of the liver, body and hemoglobin iron. 
The overall iron 59 retention and absorption are shown in 
Figures 5 and 6. In both anemic and healthy rats, curvatures of 
iron59 absorption and retention decreased with the ratio of the iron 
f rom flour and bread in the loaves. This is consistent with 
changing of the diet from cooked meat to flour or bread. The 
b . d t t . f . 59 . th b d f h 1 th t a sorpt1on an re en 1on o 1ron 1n e o y o ea y ra s 
decreased more drastically with the ratio of iron from flour and 
bread in the loaves than anemic rats did. There were response 
similarities for both absorption and retention of iron 59 in the body 
of anemic and healthy rats (Figure 5 and 6). It was also concluded 
that anemic rats absorbed and retained more iron 59 in the body than 
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Figure 5. Effect of meat loaf flour iron ratio in iron-59 
absorption and retention in the rats. 
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absorption and retention in the rats. 
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healthy rats for both flour and bread. From these observations, the 
absorption of iron 59 as nonheme iron may be influenced by the source 
of iron in the diet (meat, flour, bread or FeS04) and also the 
nutritional status (anemic or healthy rats). These influences are 
clear enough to show the responses more with using iron59 (extrinsic 
tag technique) than other methods (HRE or Apparent absorption) do 
(Figures 3 and 4, part II). This technique has been known as a good 
method to study, measure and identify the various factors which can 
affect the absorption of dietary iron (Consaul and Lee, 1983; Cook 
et al., 1972; Layrisse et al., 1973; Monson, 1974). 
Using this method, it was concluded that there was no meat 
enhancement of iron bioavailability to anemic rats (Figures 5 and 
6). Although cooked meat seemed to enhance the bioavailability of 
iron by healthy rats (The curvatures of responses of iron59 
absorption and retention in the liver and the body for both flour 
and bread loaves were slightly above the theoretical line), these 
points of elevation (33% meat:67% flour or bread, diet 3 and 6) were 
clear with only one point in each of the response curvatures. This 
did not occur with the anemic rats fed the same diets. From these 
data (Tables 15 and 16, Figures 5 and 6), it is concluded that meat 
did not enhance nonheme iron absorption in this study. 
Heme Iron Absorption: 0 ' 
There is no certain or direct method for estimation of heme 
iron bioavailability from meat. However heme. iron absorption has 
been determined from hemoglobin or myoglobin in many studies (Amine 
l 06 
et a l. , 1972; Jansuitti vechakul et a l., 1985; Park et a l., l983a). 
In this study, heme iron absorption was determined indirectly for 
diets containing meat or meat mixtures of flour or bread or meat 
loaf. The heme iron absorbed was considered to be the difference 
between total iron absorbed determined by apparent absorption and 
nonheme iron absorbed determined from iron59 absorption. This value 
was divided by the total heme iron in the diet to obtain the percent 
heme iron absorbed. 
The heme iron absorption data for anemic rats are presented in 
Table 17. The values varied between 34% and 57% with an average 
value or 46%. This value is somewhat higher than that of Buchowski, 
Thannoun, Mahoney, and Hendricks (unpublished data). For both 
meat-flour or meat-bread loaves, lower values were observed when the 
ratio of iron from flour or bread increased in the loaves. 
The heme iron absorption data by healthy rats are presented in 
Table 18. The values varied between 36% and 53% with an average 
value of 44%. This value was not much less than that for anemic 
rats (46%). Similar observations were found for both anemic and 
healthy rats, in which the values decreased as the level of meat 
iron decreased in the flour or bread mixtures. This may be due to 
baking the meat-flour or meat-bread mixtures into loaves; or, 
heating the meat media increased the nonheme iron content of the 
products (Schricker et al., 1982). It is possible that bran in the 
whole wheat flour or bread in the mixtures decreased the nonheme 
iron absorption. 
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Table 17. Estimation of heme iron bioavailability of meat loaf fed 
to growing anemic rats: 
A. 100% of iron from meat, 0% of iron from whole wheat flour 
Total iron 32.50 ppm (determined by analysis) 
Heme iron 18.75 ppm (determined by analysis) 
Nonheme iron 13.75 ppm (by difference) 
Total iron absorbed 21.12 ppm (Appa59nt absorption = 65%) 
Nonheme iron absorbed 12.37 ppm (iron absorption= 90%) 
Heme iron absorbed 8.75 ppm ((8.85/18.75) X 100 = 47%) 
B. 67% of iron from meat, 33% of iron from whole wheat flour 
Total iron 25.00 ppm (determined by analysis) 
Heme iron 13.59 ppm (determined by analysis) 
Nonheme iron 11.41 ppm (by difference) 
Total iron absorbed 17.00 ppm (appa59nt absorption = 68%) 
Nonheme iron absorbed 9.81 ppm (iron absorption= 86%) 
Heme iron absorbed 7.19 ppm ((7.19/13.59) X 100 =53%) 




Total iron absorbed 
Nonheme i ron absorbed 







(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa59nt absorption = 69%) 
(iron absorption = 81 %) 
((2.25/6.62) X 100 = 34%) 




Total iron absorbed 
Nonheme iron absorbed 







(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa59nt absorption = 69%) 
(iron absorption = 80%) 
((7.13/12.57) X 100 = 57%) 




Total iron absorbed 
Nonheme iron absorbed 







(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa5§nt absorption = 71 %) 
(iron absorption = 79%) 
((2.04/5.47) X 100 = 37%) 
F. Average heme iron absorption (5 diets containing the same meat 
source; diets were analyzed for total and heme iron contents) 
(47 + 53 + 34 + 57 + 37)/5 = 46% 
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Table 18. Estimation of heme iron bioavailability of meat loaf fed 
to growing healthy rats: 
A. 
B. 




Total iron absorbed 
Nonheme iron absorbed 
Heme iron absorbed 




Total iron absorbed 
Nonheme iron absorbed 
Heme iron absorbed 
0% of iron from whole wheat flour 
32.50 ppm (determined by analysis) 
18.75 ppm (determined by analysis) 
13.75 ppm (by difference) 
19.18 ppm (Appa59nt absorption = 59%) 
10.31 ppm (iron absorption= 75%) 
8.87 ppm ((8.87/18.75) X 100 = 47%) 
33% of iron from whole wheat flour 
25.00 ppm 
13.59 ppm 




(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa59nt absorption = 58%) 
(iron absorption = 64%) 
((7.20/13.59) X 100 =53%) 




Total iron absorbed 
Nonheme iron absorbed 







(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa59nt absorption = 59%) 
(iron absorption = 67%) 
((2.36/6.62) X 100 = 36%) 
D. 67% of iron from meat, 33% of iron from whole wheat bread 
Total iron 
Heme iron 
Nonheme i ron 
Total iron absorbed 
Nonheme iron absorbed 







(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa59nt absorption = 58%) 
(iron absorption = 66%) 
((6.17/12.57) X 100 = 49%) 




Total iron absorbed 
Nonheme iron absorbed 







(determined by analysis) 
(determined by analysis) 
(by difference) 
(appa59nt absorption = 57%) 
(iron absorption = 62%) 
((1.96/5.47) X 100 = 36%) 
F. Average heme iron absorption (5 diets containing the same meat 
source; diets were analyzed for total and heme iron contents) 
(47 + 53 + 36 + 49 + 36)/5 = 44% 
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CONCLUSIONS 
l. It was concluded from Part I that HRE values for anemic 
rats decreased with the ratio of iron from bread in the diet 
mixtures. Meat had higher HRE than EWB or WWB. Fortification iron 
in EWB was less available than the iron naturally present in WWB. 
At the iron dose given, HRE was similar for both anemic and healthy 
rats. Although healthy rats absorbed less dietary iron than the 
anemic ones, types of bread did not affect percent iron absorbed. 
Iron status did not affect dry matter absorption from meat, bread or 
meat:bread mi xtures. DMA from enriched white bread was greater than 
from whole wheat bread. 
There was no enhancement of meat on total iron bioavailability 
f rom enriched white or whole wheat bread fed to anemic or healthy 
rats. Meat does not appear to be necessary for good total iron 
bioavailability in meat:bread mixtures although its iron was more 
available than bread. The iron bioavailability of whole wheat bread 
was close to meat in this study. 
2. The overall results of studying the effect of WWF or WWB 
mixtures on iron bioavailability of meat loaf are summarized in 
Tab l e 19. HRE for anemic rats fed cooked meat diet was less than 
that from WWB or WWB diets. HRE for anemic rats fed WWB was higher 
than those fed WWF. Baking the flour into bread increased HRE in 
the anemic rats. HRE's for healthy rats were similar for both 
meat:flour or meat:bread loaves. Apparent iron absorption for 
anemic rats increased with the ratio of iron from flour or bread in 
Table 19. Iron bioavailability values obtained by hemoglobin regeneratio§9efficiency (HRE), apparent iron absorption, dry matter absorption (DMA) and iron absorption from 
meat loaf mixtures containing beef and whole wheat flour or whole wheat bread fed 
to growing anemic and healthy rats 
Iron Sourcea 
Wn-ole Wf1eaf Flour Whole Wheat Bread FeS0
4 Beef: 100 67 33 0 67 33 0 0 
LSDb 
5/1 





Apparent absorption, % 
Anemic 
Healthy 
Body iron gain, % 
Anemic 
Healthy 
Dry matter absorption, % 
Anemic 
Healthy 
































































89.8 89.6 88 84.7 89.7 88.6 86.7 91.2 1.4/1.8 
90.1 89.7 88.5 85.8 90.2 88.1 86.2 91.0 1.4/1.9 
90.2 85.6 81.0 75.5 80.1 78.8 71.1 87.6 5/7 
74.9 64.2 67.7 46.8 65.6 61.9 41.9 36.4 9/12 
~Percent of dietary iron supplied as beef and flour or bread. Seven rats per mean. 
Mean differences must equal or exceed the Least Significant Difference (LSD) values to be 




the loaves while dry matter absorption decreased with this ratio. 
Although anemic rats absorbed more iron than healthy rats, baking 
increased slightly the percent iron absorbed. Iron status did not 
affect dry matter absorption from cooked meat, meat loaves, WWF, WWB 
or ferrous sulfate diets. Iron status influenced total body iron 
gain. Anemic rats retained more total iron than healthy rats did. 
The total iron bioavailability of meat and whole wheat flour or 
bread diets was not enhanced. Although meat seemed to enhance the 
bioavailability of iron in these mixtures, these response elevations 
in the curvatures (figures 3 and 4) were not statistically 
significant. 
3. Iron status influenced iron59 retention in the body, blood 
and i ron 59 absorption. Anemic rats retained and absorbed more 
i ron59 in the body than healthy rats. The retention and absorption 
of i ron 59 in the bodies of healthy rats decreased more drastically 
wi t h the ratio of iron from flour and bread in the loaves than 
anemi c rats did. There were response similarities for both 
absorption and retention of iron59 in the bodies of anemic and 
healthy rats. The absorption of iron59 as nonheme iron was 
influenced by source of iron in the diet (meat, flour, bread or 
Feso4) and also the nutritional status (anemic or healthy rats). 
Heal thy rats retained more iron 59 in the liver than anemic rats fed 
cooked meat and meat loaves. However, anemic rats fed ferrous 
sulfate diet retained more iron 59 in the liver _than healthy rats 
did. 
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Healthy rats had almost one-half the specific activity in the 
body and hemoglobin iron as the anemic ones had. Baking the flour 
into bread did not affect the specific activity of the liver, body 
or hemoglobin iron. 
There was no meat enhancement of total iron bioavailability by 
anemic rats. Although cooked meat seemed to enhance the 
bioavailability of iron by healthy rats, the points of elevation 
were clear with only one point in each of the response curvatures. 
It was concluded that meat did not enhnace nonheme iron absorption 
in this study. 
4. Heme iron absorption, determined by indirect means for the 
meat diets, average 46% of the total heme iron in the diets for the 
anemic rats vs 44% for the healthy rats. This is the first known 
measurement of heme irdn absorption from meat. 
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